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ABSTRACT 
Soils have been observed to consume N2O since early 1980s.  The estimated global N2O 
consumption in soils is approximately, but not above, 0.3 TgN yr_1. N2O fluxes are 
principally controlled by nitrification and denitrification within the soil profile. Recently, 
N2O fluxes, processes and consumption potentials of soils have received much research 
attention unlike the microbial communities and mechanisms behind these consumptions. In 
this study N2O consumption potential of soils, Tropical Teak (TT) from Ghana, Temperate 
Pine (TP) from Spain, Temperate Spruce (TS) from Czech Rebublic, and Boreal Spruce (BS) 
from Finland, were studied. The BS soil showed the highest N2O consumption potential and 
highest N2O uptaking flux. Moreover, drainage decreased N2O flux in TT and BS soils. 
Based on soil N2O concentration profile, N2O uptake was taking place in the uppermost soil 
horizons and N2O concentration in this horizon was decreased due to drainage in case of 
boreal soil.  The N2O consuming microbial community was analysed with nitrous oxide 
reductase gene marker, nosZ, with terminal restriction fragment length polymorphism 
analysis and subsequent cloning and sequencing. While some nosZ sequence clusters from 
both original soils and enrichment cultures of the BS site were closely related to previously 
known species of Azospirillum, Pseudomonas, Bradyrhizobium, Burkholderia, and 
Achromobacter, others were not, indicating phylogenetic novelty. A 10% C2H2 treatment 
confirmed that denitrification was responsible for the observed N2O consumption potential in 
the BS soil. These results suggest that boreal spruce forest can create conditions for 
denitrifying bacteria to consume atmospheric nitrous oxide.  
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1.0 INTRODUCTION 
 
1.1 General introduction  
Nitrous oxide (N2O) contributes about 6% to the atmosphere’s radiative forcing increase and 
its radiative forcing is considered to be 298 times more efficient than carbon dioxide with 100 
year time-horizon (IPCC, 2007). It is believed to contribute about 0.16 Wm-2 of radiative 
forcing to global warming (IPCC, 2007).  As such, N2O is considered as a significant 
contributor to the destruction of the ozone layer in the stratosphere (Ravishankara, et al. 
2009).  
 
An estimated amount of 17.1 Tg N yr_1 N2O is emitted into the atmosphere globally 
(Schlesinger, 2013). The largest portions of emissions of global N2O originate from soils 
(IPCC 2007; Frasier et al., 2010). The IPCC (2001) for instance accounted 10 Tg out of the 
total 16 Tg nitrogen (N) of N2O released into the atmosphere each year to soils.  An estimated 
4 Tg is emitted from agricultural soils while the remaining 6 Tg is emitted from natural soils 
(IPCC 2001, 2007).  Major part of the N2O emitted to atmosphere is produced in tropical 
soils (Fig. 1).   
Fig. 1. Spatial pattern of soil N2O emissions under natural vegetation in year 2000 as adopted 
from Zhuang et al (2012) 
 
Although terrestrial soils are major sources of N2O (IPCC 2007; Schlesinger, 2013), they 
have been observed to have the capacity to serve as sinks of atmospheric N2O as well (Arah 
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et al. 1991; Chapuis-Lardy et al., 2007). Some places across the globe which are prone to 
N2O uptakes in soils can be seen in Fig. 2.                                                 
 
Fig. 2.  Areas prone to N2O uptakes in soils as adopted from Kroeze et al (2007) 
 
 
The current working knowledge holds that soils serve more as sources of N2O than sinks 
(Brumme et al., 1999; Groffman et al., 2000). The estimated global N2O consumption in soils 
is not likely to be greater than 0.3 TgN yr_1, making estimated global sink not greater than 
2% of estimated source of atmospheric N2O (Schlesinger, 2013). However, it is a significant 
and important pathway to remove the strong greenhouse gas N2O from the atmosphere. 
 
N2O consumption potentials of soils were noticed as far back as early 1980s (Ryden, 1981). 
A recent work by Schlesinger (2013) which reviewed over 100 studies of soils under natural 
or recovering ecosystems reported that measured uptake potentials of N2O in soils ranged 
from 1.0 µg Nm-2 h-1 to 207 1.0 µg Nm-2 h-1 with a median value of   4 µg Nm-2 h-1. 
Schlesinger (2013) noticed that the highest uptake values were in wetland and peatland 
ecosystem soils. High uptake values in moist soils could be that consumption through 
denitrification is effective because of N2O dissolved in the water surfaces (Blicher-Mathiesen 
and Hoffmann (1999).   Many early studies on N2O fluxes either ignored negative fluxes or 
left them unexplained (Chapuis-Lardy et al. 2007; Frasier et al., 2010). Thus, information on 
N2O consumption potential of soils was relatively limited previously. According to Chapuis-
9 
 
Lardy et al. (2007) the mechanisms of N2O consumption in soils are not well known yet.  It is 
likely that N2O consumption and uptake potentials of soils are possibly underestimated due to 
the uncertainties surrounding the mechanisms and factors involved (Ullah et al., 2008).  
 
The ability to reduce nitrogen oxides is found among diverse bacteria, archaea and fungi 
groups (Philippot, et al., 2007; Hayatsu, et al., 2008). For instance, Sandorf et al (2012) 
concluded on the following regarding organisms responsible for N2O reduction in soils. 
Firstly, all complete denitrifiers are facultative aerobes who represent an ecophysiologically 
homogeneous group with the potential to switch from using oxygen for respiration to 
denitrification, when conditions in soils are rendered anoxic, usually after rain events. 
Secondly, in contrast, there are also non-denitrifying N2O reducers (denitrifiers which have 
genes for N2O reduction but not for N2O production) with atypical NosZ, ie the encoding the 
N2OR, that are ecophysiologically more diverse and occupy broader range of habitats 
(anoxic, microaerophilic, oxic, psychrophilic, piezophilic, thermophilic, and halophilic). 
These novel microbial populations with atypical nosZ genes, (eg. nondenitrifying 
Anaeromyxobacter spp.), also harbour the potential for N2O reduction in soils and sediments. 
Therefore, Sandorf et al (2012) assert that the combined contributions of both typical and 
atypical N2O reducers must be accounted for to obtain a comprehensive data on N2O reducers 
in soils. They are of the view  that current assessments of nosZ gene and transcripts numbers  
would underestimate the actual abundance and activity of denitrifiers  since molecular tools 
currently utilised to estimate nosZ gene and transcripts numbers are not comprehensive and 
mostly do not cater for microbes carrying an atypical nosZ genes.  
A later study by Jones et al (2012) also highlighted on the potential of transforming N2O to 
N2 by bacteria and archaea harbouring the N2O reductase (N2OR).  Upon conducting a 
comprehensive phylogenetic analysis of the nosZ gene coding the N2OR, they reported the 
following: Firstly, two phylogenetically distinct clades, previously known Clade 1 and novel 
Clade 2 of nosZ genes were revealed. The Clade 2, which is equivalent to the atypical nosZ 
gene of Sandorf et al, (2012) was unaccounted for in studies investigating N2O reducing 
communities. Secondly, the two clades differ in their signal peptides, suggesting that 
differences exist in the translocation pathway of the N2OR across their membranes. Jones et 
al (2012) also support the current knowledge that the uncharacterised nosZ lineage is varied, 
widespread and diverse in various environments.   
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It is known that soils harbour the highest global microbial diversities but the many factors 
controlling the functioning of these microbial communities involved in N2O fluxes are still 
not clearly established (Goldberg & Gebauer, 2009; Ishii et al., 2011a). Novel clades of 
denitrifiers have been recently found to dominate over previously known denitrifiers (Jones et 
al., 2012; Sandorf et al., 2012). However, their respective contribution to the consumption of 
atmospheric N2O is yet to be clearly established. Much research is needed to be conducted in 
this area to fill gabs in existing knowledge as far as the total mechanisms involved in N2O 
fluxes are concerned. 
 
1.2 Research objective and hypothesis 
From the above discussions so far, this study was aimed at identifying whether drainage 
activated N2O uptake and if so, in which soil horizon does N2O consumption take place. The 
study also aimed at identifying the denitrifying communities that consume N2O in different 
soils in tropical, temperate and boreal zones, and some specific factors that control their 
functioning. The study was also aimed at the selective enrichment and genetical 
characterization of the specific N2O consuming bacteria involved in the N2O consuming 
process.  Three hypotheses were generated. Firstly, biogeography does affect the N2O fluxes 
and consumption potentials in different soils.  Secondly, it is possible to enrich N2O 
consuming bacteria with common heterotrophic media and thirdly, there are different 
denitrifying communities consuming N2O in different soils.  
 
To test these, N2O fluxes were measured in situ moisture and drained conditions, and N2O 
consumption of four soils namely: Tropical Teak (TT), Temperate Pine (TP), Temperate 
Spruce (TS) and Boreal Spruce (BS) were measured.  Enrichment procedure was optimized 
with survey of four different media of which the best behaving media was selected.  
Acetylene inhibition experiment was performed on the BS forest soil, which showed the best 
consumption potential. Soil denitrifying community was studied with DNA polymorphism 
techniques namely, Terminal Restriction Fragment Length Polymorphism (t-rflp) and cloning 
and sequencing of PCR products.   
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2.0 LITERATURE REVIEW  
2.1. Atmospheric N2O fluxes of natural soils 
Nitrous oxide fluxes are highly variable across the different ecosystems, and there is also 
normally large spatial and temporal variation in these fluxes. Some earlier studies across 
several ecosystems measured net emissions with intermittent uptakes are reflected in Table 1 
(refer to appendix). In studies where net emissions were recorded, it is believed that uptakes 
in soils might have reduced the magnitude of the flux (Arah et al., 1991; Chapuis-Lardy et al. 
2007; Frasier et al., 2010). There are even several studies across several ecosystems where 
overall net uptakes were measured as reflected in Table 2 (refer to appendix). Such overall 
net uptakes were however more predominant in boreal and temperate ecosystems, than in 
tropical ecosystems.    
 
2.1.1 Atmospheric N2O fluxes in tropical forest soils 
The following section will deal with global tropical N2O fluxes and their contributions to the 
overall N2O budget. Generally, soils of tropical rain forests are known to emit the largest 
portion of natural terrestrial N2O (Mosier et al., 1998; Kroeze et al., 1999). It is therefore 
generally believed that warm and moist tropical soils are the major source of atmospheric 
N2O (Zhuang et al., 2012).   
 
Globally, tropical forest soils contribute between 14 and 23% of the annual N2O budget 
(Mosier et al., 1998; IPPC, 2007). However, N2O fluxes from tropical forest ecosystems are 
not yet well characterized (Serca et al., 1994; Kiese et al., 2005).  One reason for this is that 
fluxes from the several tropical regions of the world have not been evenly characterized for 
overall mean flux.  Most studies have concentrated in the South America and the Amazon, 
especially Brazil (eg Keller et al., 1983; Steudler et al., 1991; MaddoCk et al., 2001, etc), 
Central America (eg. Matson and Vitousek, 1987; Weitz et al., 1998) and Australia (eg. 
Breuer et al., 2000; Butterbach-Bahl et al., 2004).  Relatively few studies had been carried out 
in Africa (eg. Serca et al., 1994; Werner, et al., 2007; Castaldi et al. 2012), Asia (eg. Ishizuka 
et al., 2002, Yan et al., 2008, etc) and in OCeania (Breuer et al., 2000; Kiese et al., 2003) 
until recently.  
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Butterbach-Bahl et al. (2002) who previewed N2O emissions from soils in tropical forests 
reported flux values ranges of 4.2-70 mgNm-2h-1, 1.7 - 207 µgNm-2h-1 and 11.3 - 123.4 
mgNm-2h-1 for neotropic rainforests, African rain forests, and Australian rain forests 
respectively. Also, using the DeNitrification-DeComposition (DNDC) biogeoChemical 
model, Werner et al. (2007a) estimated the total N2O source strength from the global tropical 
rainforest soils to be 1.34 Tg N yr_1 with an uncertainty range of 0.88-2.37 Tg N yr_1. Others 
have also approximated the N2O source strength of moist tropical forest ecosystems to be 
between 2.4 – 3.5 Tg N2O-N a
-1 (Matson and Vitousek, 1990; Breuer et al., 2000). 
 
It is clear so far that there exist some variations in tropical N2O fluxes (Vanitchung et al., 
2011). For example, Castaldi et al. (2012) who researched in an African (Ghanaian) rain 
forest, with average temperature and rainfall values of 25oC and 1500–2000 mm of 
precipitation respectively, measured annual average emission values of 2.33±0.20 
kgN−N2Oha−1 yr−1. This value agreed with two values from other African tropical soils. 
They were 2.9 kgN−N2Oha
−1 yr−1 from a primary rain forest in Congo (Serca et al., 1994) and 
2.6 kgN−N2Oha
−1 yr−1 for a mountain rainforest in Kenya (Werner et al., 2007a).  
A review by Zhuang et al. (2012) reported that the highest tropical N2O emissions were 
recorded in the Amazon, Southeast Asia, and Central Africa. They attributed the high 
emissions to the large amount of annual rainfall and soils which have very high clay and 
organic carbon contents.  
 
Interestingly, in spite of the general believe that tropical forests are significant sources of 
atmospheric N2O; some studies in the tropics measured some intermittent N2O uptakes. For 
instance, Vanitchung et al. (2011), who measured fluxes from a dry evergreen forest, hill 
evergreen forest, moist evergreen forest and mixed deciduous forest in Thailand, with 
average temperature and rainfall ranges of 21-27oC and 1240-3500 mm of precipitation 
respectively, measured an integrated negative flux of 9.4% of the total net flux.  Also, Palm et 
al. (2002) who studied in a Peruvian Amazon forest, with average temperature and rainfall of 
26oC and 2200 mm of precipitation respectively, measured fluxes ranging from consumption 
flux of -2.47 to a production flux of 25.6 μg N m
-2 
h
-1
. Moreover, Holtgrieve et (2006) who 
studied in a tropical montane ecosystem in Hawaii, with average temperature and rainfall 
ranges of 16oC and  2200-4050 mm of  precipitation respectively, also measured fluxes 
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ranging from -0.2 (uptakes) to 1.8 ng N cm-2 h-1. It is therefore evident that intermittent N2O 
uptake does occur in tropical ecosystem though they are predominantly N2O emitters.  
 
2.1.2 Atmospheric N2O fluxes in temperate forest soils 
 
The following section will deal with global temperate N2O fluxes and their contributions to 
the overall N2O budget. Generally forest soils in the temperate regions are not known as 
strong emitters of N2O. According to Zhuang et al. (2012), lower emissions of N2O occurred 
in some temperate regions like East Asia, Europe, Australia, and North America. Like the 
boreal forest soils, temperate forest N2O fluxes do not contribute much to the global N2O 
budgets like tropical forest soils (Butterbach-Bahl 1999; Teepe et al. 2000).  
 
Interestingly, intermittent N2O uptakes have also been reported in the temperate ecosystems 
as well (Goldberg et al., 2010).  For instance, in investigating the effects of freezing and 
thawing on soil N2O fluxes in a mature Norway spruce forest in Germany, Goldberg et al 
(2010) reported that there were both microbial N2O production and reduction of N2O to N2 in 
frozen soil layers. In fact, it is generally believed that long drought periods in temperate 
regions may decrease N2O fluxes from soils significantly and may even turn forest soils into 
temporarily sinks of atmosphere N2O; most likely through denitrification (Goldberg and 
Gebauer, 2009; Zhuang et al., 2012).  
In fact there are evidences of studies in which there were overall N2O uptakes in temperate 
ecosystems. For example, a study by Castro et al (1993) in a coniferous forest in Mt. 
Ascutney, VT, USA, where average temperature and precipitation were 18.7oC and 366.9 
mm of precipitation respectively, measured regular uptakes with mean consumption flux of   
-0.03 kg N ha-1 yr-1.  Another study by Castro et al. (1993) in different coniferous forest in 
Mt. Washington, NH, USA, where average temperature and precipitation were 16.0oC and 
542.1 mm of precipitation respectively, also observed regular uptakes with mean 
consumption flux of -0.01 kg N ha-1 yr-1. N2O emission from forest soils in temperate regions 
are therefore expected to be lower than those from tropical regions; but similar or higher than 
those from boreal regions. This phenomenon has being attributed largely to the relatively 
higher organic matter and higher moisture in the tropics due to rainy events; and the 
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relatively N-limited conditions in boreal mires and pristine boreal peatlands (Chapuis_Lardy 
et al, 2007; Zhuang et al, 2012).  
 
Summarily, while tropical forest soils contribute larger portions of global N2O emissions 
generally, boreal and temperate forest soils are known as lower sources. It is even believed 
that boreal and temperate forest soils may help to reduce global N2O emissions through 
consumption (Chapuis_Lardy et al, 2007; Zhuang et al, 2012; Schlesinger, 2013). Currently, 
the median uptake potential of N2O in soils of natural ecosystems is about 4µgm
-2h-1, with all 
highest values associated with soils of wetland and peatland ecosystems (Schlesinger, 2013).   
Latest available figures reflect that global consumption of N2O in soils is not likely to be 
above 0.3 TgN yr-1 (Schlesinger, 2013).  But a current estimated annual global N2O emission 
from soils is about 17.1 Tg N yr -1, with soils responsible for 36% (Schlesinger, 2013).  
Comparing these figures, Schlesinger (2013) stated that the sink strength of N2O in soils is 
therefore not likely to be above 2% of current estimated sources of N2O in the atmosphere.     
 
2.1.3 Atmospheric N2O fluxes in boreal forest soils 
 
The following section will deal with global boreal N2O fluxes and their contributions to the 
overall N2O budget. N2O fluxes from northern (boreal) forest soils seem to be receiving much 
research attention since the later end of the 1990s (Corre et al. 1999) till recent times 
(Maljanen et al., 2012; Meyer et al., 2013). There also exist some uncertainties surrounding 
boreal N2O fluxes and controlling factors. Some are of the view that more studies are 
therefore needed to clearly establish facts.  For instance, Maljanen et al. (2009) recommended 
further field and process studies to properly understand boreal N2O fluxes and the occasional 
net consumption (uptakes) in especially drained boreal peat soils.   
 
 However, in spite of the uncertainties, some attempts have been made to understand boreal 
N2O fluxes.   It is believed generally that globally, boreal N2O fluxes are far less than those 
from tropical ecosystems, and there is much greater potential in boreal and arctic regions to 
act as a sink for N2O than source (See Figure 2, Kroeze et al, 2007).  For instance, Maljanen 
et al (2012) who compared N2O emissions from afforested organic agricultural soils and soils 
from organic agricultural soils in active use in a boreal region (Finland) measured flux values 
of 100-2500µg N2O-N m
-2 h-1 with intermittent uptakes at sites with high water table level.  
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Globally,  Zhuang  et al (2012) who reviewed several studies on N2O fluxes across diverse 
ecosystems (209 natural ecosystems at 64 sites) reported that  due to the usually low 
temperatures, high latitude ecosystems have generally low N2O emission rates and contribute 
very little to the global N2O budget. According to Zhuang et al (2012), emissions of boreal 
regions are usually less than 0.10 Tg N per year.  However, it is documented that some 
studies in some boreal regions, like south Russia and Canada emitted relatively high N2O 
rates, above 0.20 kg N2O- N ha
-1 yr-1 as a result of the  high soil organic matter content and 
moist climate (Zhuang et al., 2012). Again, Stehfest and Bouwman (2006) reported similar 
N2O emission values ranging from 0 - 0.25 KN2O-Nha
-1 yr-1 in boreal regions. Interestingly, 
some evidences exist for N2O uptakes by soils in boreal regions as well. For example, 
Maljanen et al (2012), who studied in a drained and abandoned, drained and afforested and 
active peat extraction soils in Finland, where soil pH and mean soil C:N ratio ranged between 
3.9 -5.9 and 17.6-24.2 respectively,   measured net N2O uptakes in some sites up to -77 µg 
N2O-N m
-2 h-1, especially at high water table levels.  Chapuis-Lardy et al. (2007) explained 
earlier that in N-limited and high moisture ecosystems like boreal mires and pristine boreal 
peatlands, N2O uptake typically occurs.  
 
One remarkable observation on boreal N2O fluxes are the uncertainties involved (Kellman & 
Kavanaugh, 2008). Some documented reasons for these uncertainties include inadequate 
information about soil N2O processes, high spatial and temporal variability in soil fluxes, and 
limited field data (Maljanen et al. 2001; von Arnold et al. 2005a, b; Ambus et al., 2006). 
Also, although winter emissions may contribute significantly to the annual N2O budget, they 
are usually poorly quantified by researchers (Maljanen et al., 2009).    
 
2.2.0 Control factors of N2O fluxes in natural ecosystems     
The following subsection will deal with factors that control N2O fluxes in forest soils of 
natural ecosystems. Specifically, the tropical, boreal and temperate ecosystems will be dealt 
with.  Unlike previously, some important factors that control N2O fluxes in forest soils of 
natural ecosystems are established now. A  Spearman rank correlation analysis by Zhuang et 
al (2012) revealed that soil N2O fluxes are significantly correlated with climate, soil 
properties, and the length of experiments.  The following sections attempts to discuss some of 
these factors, one after the other.   
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2.2.1 The effect of soil moisture content on N2O fluxes in natural ecosystems 
A dominant controlling factor of N2O fluxes from many studies in different ecosystems is soil 
moisture content, which is expressed in diverse forms such as precipitation (Werner et al., 
2007; Zhuang et al., 2012), water filled pore space (WFPS) (Garcia-Montiel et al. 2003) or 
water table level (WTL) (Maljanen et al., 2012) , depending on the ecosystem.   Werner et al 
(2007) who studied in an African tropical rainforest in Kenya, with average temperature and 
rainfall values of 24.9oC and 1662 mm of precipitation respectively, reported that soil 
moisture controlled variability of N2O emissions 66% more than temperature changes.  N2O 
emissions are believed to decrease exponentially when WFPS ranged between 55–65%.  
Also, Vanitchung et al. (2011) reported specifically that a doubling of moisture level from 
30% to 60% WHC led to a significant increase in N2O production in all soils.   
Others studies in boreal ecosystems (eg. Dinsmore et al., 2009; Maljanen et al., 2012) also 
attributed significant differences in N2O fluxes to water table depth.  For example, Maljanen 
et al (2012) reported that raising the water level close to the soil surface is likely to reduce 
boreal N2O emissions. The findings of Maljanen et al (2012) indicated that when WTL falls 
below a critical level of 50-70 cm, N2O emissions decreased.   
Similarly, others (eg. Goldberg and Gebauer 2009; Butterbach-Bahl et al., 2013) who studies 
N2O fluxes from temperate forest soils mentioned soil water content as a principal controlling 
factor.  Goldberg and Gebauer (2009) who researched on the influence of drying and 
rewetting events on N2O emissions in a mature Norway spruce forest in temperate region 
concluded that soil water status, coupled with soil nitrate availability, are significant factors 
that control N2O fluxes.  
Some studies have attempted to explain the mechanisms behind how soil moisture control 
N2O fluxes in natural ecosystems. For example, Linn and Doran (1984) explained that WFPS 
is closely related to soil microbial activity and consequently affects nitrification and 
denitrification which are two principal processes that control N
2
O fluxes.   Also, using a10 Pa 
acetylene (C2H2 - nitrification inhibitor), Vanitchung et al (2011) found that soil moisture and 
denitrification may be important in controlling N2O fluxes. Vanitchung et al (2011) explained 
that the anoxic conditions created by high soil moisture might stimulate N2O production by 
denitrification. Moreover, Holtgrieve, et al (2006) also explained that monthly average 
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precipitation (MAP) strongly controls N cycling processes, and both the magnitude and 
source of N trace gas fluxes from soils. 
 
Some other major roles played by soil moisture on  N2O fluxes  is due to its influence on 
activities of soil microbes, delivery of electron donors (NH4 
+, DOC) and electron acceptors 
(O2, NO3
_), and the diffusion of N trace gases from soils (Firestone & Davidson, 1989; Stark 
& Firestone, 1995).    Also, at higher values of WFPS, above 60–80, the denitrification 
process in soils changes from producing N2O to produce N2 as supported by (Davidson, 1991; 
Ambus & Zechmeister-Boltenstern, 2007; Lohila et al., 2010) thereby consuming N2O. This 
is because under such conditions, N2O serves as the sole electron acceptor for denitrifying 
microbes.   
 
Butterbach-Bahl et al (2013) added that soil moisture controls N2O emissions because it 
regulates the oxygen availability to soil microbes. Usually high water films in the soil enables 
high microbial N turnover rates and makes easily decomposable substrates available for soil 
microbes (Goldberg et al., 2010).   Apart from soil moisture content, nutrient availability also 
exerts strong control on N2O fluxes in natural ecosystems.   
 
2.2.2 The effect of nutrient availability (N, C, C: N, NO-3, NH4
+
)
 
on N2O fluxes in natural 
ecosystems  
N2O production or consumption are generally controlled by nutrient availability in soil. It is 
therefore believed that fertilizer application and tropical deforestation; both factors which 
increase nutrients availability, increase global N
2
O emissions by 10% (Bouwman et al. 1995; 
Palmet al., 2002).  Butterbach-Bahl et al. (2013) mentioned the availability of reactive 
nitrogen as the major driver of N2O soil emissions.  
 
A tropical study by Vanitchung et al. (2011) attributed the intermittent N2O uptake to N-
limited conditions just like others have done earlier (Flechard et al. 2005; Rosenkranz et al. 
2006).  Vanitchung et al (2011) also reported that an acacia reforestation site, dominated by 
Acacia mangium, widely known for its N fixation activity might have provided extra N, to 
stimulate N2O production by nitrification and/or denitrification.  Moreover, Palm et al (2002) 
also attributed higher N2O fluxes in cropping systems to N fertilization and higher N2O fluxes 
from tree-based systems to litter fall N which are both components of nutrients availability. 
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 Furthermore, Erickson et al (2002) added that species determination of litter C/N ratio have 
an influence on N-oxide fluxes.  Therefore, forests that had high legume densities, low litter 
C/N ratios, and high mean soil nitrate concentrations subsequently measured high N oxide 
fluxes (Erickson et al., 2002).  Specifically, Klemedtsson et al. (2005) reported that N2O 
emissions rapidly increase with reductions in the soil C: N below a threshold ratio of 25.  
 
Moreover, in a boreal region, C: N ratio below 20, reflecting high N availability, favoured 
N2O emissions (Maljanen et al., 2012). Erickson et al (2002) also reported that N oxide fluxes 
correlated positively with soil nitrate and the nitrate/ammonium ratio; negatively with leaf 
litter C/N ratio, but were not related to net N mineralization, net nitrification, and nitrification 
potential or to NH4+-N.  
 
However, a strong correlation has been observed between N2O emissions and N 
mineralization activity in others studies (Serca et al. 1994; Werner et al., 2007a). Also, 
decomposition rate, a process which control N availability, has been documented to influence 
N2O fluxes from natural ecosystems (Werner et al., 2007a).   
 
 Moreover, anthropogenic activities like forest clearing (Keller et al. 1993), fertilization 
(Keller 1997) and burning (Serça et al. 1998), which directly or indirectly control nutrient 
availability, have also been documented to increase N2O emissions.  Furthermore, Matson 
and Vitousek (1990), Davidson et al (2000) and Erickson et al (2001) pointed out that high 
soil N cycling rate increased N2O emissions.    Similarly, burning, especially of leguminous 
cover crop, is reported to have increased N availability and led to a subsequent increase N2O 
emissions from soils (Palmet et al., 2002).  
   
Similarly, others who researched in boreal and temperate regions also named nutrient 
availability as important controller of N
2
O emissions (Martikainen et al., 1993; Minkkinen et 
al., 1999; Klemedtsson et al., 2005; Mäkiranta et al., 2007; Meyer et al., 2013). For example, 
it is believed that reduction in fertilizer application and the increase in plant C accumulation 
will result in an overall GHG-consuming condition (Watson et al., 2000; Hargreaves et al., 
2003). Also, Klemedtsson et al (2005) observed a clear correlation between soils C: N and 
N2O emissions.  Maljanen et al (2012) also observed that high nitrate availability associated 
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with high N2O emissions.  Again, Papen and Butterbach-Bahl (1999) and Teepe et al. (2000) 
who worked in temperate regions attributed high N2O emissions during soil frost mostly to 
substrate accumulation in small water films.  Still on nutrients availability, Alm et al. (2007) 
who worked in a boreal region found that organic soils rich in C substrates emitted 
considerable N2O.   
 
Some studies attempted to explain the mechanisms, how soil nutrients availability control 
N2O fluxes in natural ecosystems. It is believed that under limited NO
-
3 conditions, 
denitrifiers may utilize N2O as an electron acceptor, and reduce it to N2 at higher WFPS 
where denitrification is stimulated but nitrification is hindered (Vanitchung et al., 2011).  
Again, substrate accumulation in small water films is believed to promote microbiological 
activity and subsequently enhances nitrification and denitrification which are the two 
principal biological processes that control N2O fluxes (Papen and Butterbach-Bahl, 1999; 
Teepe et al., 2000).  Papen and Butterbach-Bahl (1999) explained further that increased N 
substrate and easily degradable carbon availability stimulates microbial N2O production and 
hence influences the fluxes.  Minkkinen et al (1999) also explained that high soil N content is 
a key indicator for the soil C balance and therefore controls N2O emissions.  
  
 A conceptual model that has been developed to explain the links between N availability and 
N2O fluxes is the ‘hole-in-the-pipe’ conceptual model of N-cycling.  This was proposed by 
Firestone and Davidson (1989). It suggests that N2O production rates in soils should increase 
after harvest due to increased inorganic N in soils.  In agreement to this model, a number of 
studies have confirmed increased N2O soil emissions with the addition of inorganic N to the 
soil surface (Melillo et al. 1989; Brumme and Beese 1992; Matson et al. 1992; Papen et al. 
2001). 
 
2.2.3 The effect of soil temperature on N2O fluxes in natural ecosystems  
Soil temperature has been shown to control N2O fluxes in tropical, boreal and temperate 
ecosystems.  Werner et al (2007), who studied in tropical Kenya, reported that temperature 
changes controlled variability of N2O emissions, even though soil moisture was more (66%) 
responsible than temperature changes.  Again, Castaldi et al (2012) who also researched in a 
tropical Ghana reported that soil temperature and monthly air temperature correlated to N2O 
emissions.  
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Other studies in boreal and temperate regions also identified soil temperature as important 
controlling factor of N2O fluxes. For example, Sommerfeld et al (1993) reported that N2O 
emissions in temperate regions are high during the warm summer growing season. However, 
there have also been cases of high N2O emissions at low soil temperatures during the winter 
season (Maljanen et al., 2007) and also during freezing and thawing events (Papen and 
Butterbach-Bahl 1999).  Many other studies like Granli and Bøckman (1994), Smith et al 
(2003) and Goldberg et al (2010) in boreal and temperate regions also documented variability 
in N2O fluxes in response to temperature changes.  
 
The following section attempts to explain the mechanisms behind how soil temperature 
control N2O fluxes in natural ecosystems. Sommerfeld et al (1993) explained that N2O 
emissions during the warm summer growing season are high mostly because of highest 
microbial activities. Also, Butterbach-Bahl (2013) added the following explanations. Firstly, 
denitrification, which significantly controls N2O fluxes, is extremely sensitive to rising 
temperatures. Secondly, temperature influences the enzymatic processes involved in N2O 
production and consumption.  Thirdly, temperature increase also increases soil respiration 
leading to a depletion of soil oxygen concentrations and increases in soil anaerobiosis. These 
conditions affect N2O fluxes significantly. Fourthly, many microbial processes within the 
nitrogen cycle are temperature sensitive.   Temperature also increases gas solubility in cold 
seasons according to Henry’s law. This may add one important factor in seasons of cold 
temperature.  
 
2.2.4 The effects of soil type/texture/bulk density on N2O fluxes in natural ecosystems  
It is documented that clayier and highly fertile soils produce higher N2O fluxes (Matson and 
Vitousek, 1987; Mosier et al., 1996; Verchot et al., 1999). Soil texture has also been named 
as major determinant of gas diffusivity in soils, and hence controls N2O fluxes significantly 
(Matson and Vitousek, 1987; Mosier et al., 1996; Verchot et al., 1999). On bulk density, 
Erickson et al (2002) stated that high bulk density, which could be caused by compaction by 
cattle, leads to increased WFPS and subsequently affect N-oxide fluxes from soils.  In 
general, the interplay of soil type, texture, and bulk density were believed to contribute to the 
development of anoxic conditions and subsequent enhancement of denitrification (Bhandral 
et al. 2007) thereby influencing N2O fluxes from natural ecosystems.   
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2.2.5 The contribution of nitrification and denitrification processes on N2O fluxes in 
natural ecosystems  
Recent advances in stable isotope techniques have provided tools to distinguish between N2O 
produced during nitrification and denitrification. For instance, while N2O produced during 
nitrification is more depleted in 15N and 18O, relative to substrates, N2O produced during 
denitrification is less depleted (Butterbach-Bahl et al., 2013). Specifically, microbial 
nitrification and denitrification in soils is believed to be responsible for about 70 per cent of 
global N2O emissions (Syakila and Kroeze, 2011; Braker and Conrad, 2011). 
 
2.2.6 The effects of agricultural management practices on N2O fluxes in natural 
ecosystems 
A known anthropogenic factor that affects N2O fluxes in natural ecosystems is agricultural 
management practices.  Drainage, fertilizer application, and other agricultural activities are 
likely to facilitate soil microbial processes and consequently increase N2O emissions from 
soils (Maljanen et al., 2012).  Kroeze et al (1999) agrees largely with Maljanen et al (2012).  
Drainage for instance, might lead to lowered WTL and enhance aeration (Clymo, 1984). The 
combinations of drainage with other management practices like ploughing, fertilization and 
liming may cause an increase in soil pH, stimulate the decomposition of N-rich organic 
matter (Maljanen et al., 2012) and nitrogen mineralization (Freeman et al., 1996) thereby  
subsequently affecting N2O emissions from soils significantly (Kasimir Klemedtsson et al., 
1997; Maljanen et al., 2010).  
 
From the above reasons, it is therefore believed that limiting agricultural activities and 
encouraging afforestation in natural ecosystems could decrease N2O emissions. This believe 
is backed by the assumption that reduction in fertilizer application and other agricultural 
activities, and the increase in plant C accumulation will stimulate overall GHG-consuming 
conditions (Watson et al., 2000; Hargreaves et al., 2003). This is because C accumulation by 
afforested trees is expected to compensate for soil losses (Minkkinen et al., 1999; Minkkinen 
et al., 2002; Hargreaves et al., 2003).   
 
However, Alm et al (2007) found that after years of afforestation, drained organic soils still 
emitted considerable N2O due to the rich C substrates and  lowered WT; conditions that 
favoured microbial decomposition (Maljanen et al., 2003b; von Arnold et al., 2005b).  
Maljanen et al (2012) therefore noted that low soil pH, high nitrate availability and water 
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table depth (about 50–70 cm) associated with high N2O emissions rather than mere 
afforestation. More studies are therefore needed to clearly establish the effects of agricultural 
management practices on N2O fluxes in natural ecosystems.  
 
 
2.2.7 The effects of oxygen content on N2O fluxes in natural ecosystems 
 
Martikainen et al (1993) and Aerts and Ludwig (1997) explained that since N2O can be 
produced and consumed in both aerobic and anaerobic conditions, oxygen content in soils, 
which is affected significantly by soil moisture content, is an important factor in controlling 
N2O fluxes.  Vanitchung et al (2011) added that the anoxic conditions might stimulate N2O 
production by denitrification. In explaining the relations between oxygen content in soils and 
N2O fluxes, Butterbach-Bahl et al (2013) highlighted that under oxygen-limited conditions, 
N2O serves as the sole electron acceptor for denitrifying microbes thereby altering its fluxes 
from soils.  
 
2.2.8 The effects of soil pH on N2O fluxes in natural ecosystems 
 
On the control exerted by soil pH on N2O fluxes, Richardson et al (2009) reported that the 
N2O reductase enzyme is hindered by a low pH. Some studies in natural ecosystems have 
supported Richardson et al (2009). For instance, Maljanen et al (2012) confirmed that sites 
with slightly higher mean soil pH (4.9) emitted lower N2O than soils with slightly lower 
mean soil pH.  Maljanen et al (2012) thus attributed the relatively high N2O emissions most 
likely to the low soil pH which limited N2O reduction. Weslien et al. (2009) made the same 
conclusion as Maljanen et al (2012) in an earlier study.   
 
2.2.9 The effects of vegetation cover on N2O fluxes in natural ecosystems 
 
Vegetation cover is another factor that has been documented in available literature to control 
N2O fluxes in natural ecosystem. In general, sites dominated by leguminous species (eg 
Acacia mangium), which are widely known for their N fixation activity are believed to 
provide extra N to stimulateN2O production by nitrification and/or denitrification 
(Vanitchung et al., 2011).  The respective contributions of different vegetation types to N2O 
fluxes in natural ecosystem can be seen from figure 3.  
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Fig. 3.  Estimates of soil N2O emissions of different vegetation types in the year 2000 as 
adopted from Zhuang et al (2012).   
 
2.2.10  The effects of seasonal variations on N2O fluxes in natural ecosystems 
Seasonal variation is yet another factor that has been documented in available literature to 
control N2O fluxes in natural ecosystems. Generally, it is believed that emissions of N2O are 
high during the warm summer growing season (Sommerfeld et al., 1993).  However, there 
have been reported cases of high N2O emissions at low soil temperatures during the winter 
season (Maljanen et al., 2007) and also during freezing and thawing events (Papen and 
Butterbach-Bahl 1999).  The effects of seasonal variation on soil N2O emissions under 
natural vegetation across the globe can be seen from Figure 4.    
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Fig. 4.  Seasonal variation of soil N2O emissions under natural vegetation as adopted from 
Zhuang et al (2012).   
 
Summarily, not all the factors that control N2O fluxes in natural ecosystems are discussed 
above. Even though diverse factors affect N2O fluxes in natural ecosystems, many believe 
that the most significant ones are soil temperature, soil water content and substrate 
availability (Granli and Bøckman 1994; Smith et al. 2003).  It is therefore believed that the 
significant factors, discussed in available literature, which are also relevant to this study, have 
been discussed largely.  Besides, studies are still ongoing to clearly establish some of these 
factors. Again, some of the factors are also peculiar to specific ecosystems. The next section 
will therefore discuss the effect of winter emissions on N2O fluxes in boreal or temperate 
ecosystems.  
 
2.2.11 The effect of winter emissions on the annual budgets of boreal and temperate 
N2O fluxes  
According to Maljanen et al (2012), winter emissions have to be added to the annual budgets 
of N2O fluxes from boreal ecosystems. Maljanen et al. (2012) reported that winter emissions 
of drained organic soils were accountable for up to 40-70% of annual boreal N2O emissions. 
The high early winter and spring emissions were attributed to soil frost development and soil 
thawing respectively.  
 
Other studies also observed high N2O emissions from different northern ecosystems during 
winter (e.g. Nishina et al. 2009; Maljanen et al. 2009; Goldberg et al. 2010) and attributed 
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them to freezing and thawing cycles (Koponen et al. 2004; Maljanen et al. 2009; Goldberg et 
al. 2010).   
 
There is also evidence of freezing and thawing effecting N2O fluxes in temperate regions, 
with even intermittent uptakes. For instance, in investigating the effects of freezing and 
thawing on soil N2O fluxes in a mature Norway spruce forest in Germany, Goldberg et al 
(2010) reported the following. Firstly, there was both microbial N2O production and 
reduction of N2O to N2 in the frozen soil layers.  Again, N2O emissions reduced significantly 
because of higher consumption of N2O in the topsoil of both the control (natural snow cover) 
and snow removal plots. This finding indicates that even though there were overall emissions, 
the magnitude decreased because of consumption in spruce forest.   
 
An important discussion that could be added here is the variability of flux values reported in 
different studies due to the different measurement frequency, methodology or technique, 
duration of measurement, etc. Another remarkable observation is that, it seems there is some 
degree of disagreement between actual observed flux values and values from different 
simulations models. Some differences in fluxes from actual measured values and simulation 
models can be seen in Figure 5.  
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Fig. 5. Comparison between observed and simulated N2O emissions as adopted from Zhuang 
et al (2012) 
 
2.3.0   Denitrification process and some controlling factors of N2O consumption  
The following section will deal with the denitrification process and some factors that control 
it, and subsequently N2O fluxes from natural ecosystems. As mentioned earlier, N2O fluxes 
are mainly believe to be controlled by nitrification and denitrification, two processes which 
are principally controlled by bacteria (microbes) within the soil profile (Chapuis-Lardy et al. 
(2007; Goldberg & Gebauer, 2009; Frasier et al., 2010; Ishii et al., 2011; Cuhel et al., 2010).  
Initially, some earlier studies across several ecosystems measured net N2O emissions with 
intermittent uptakes as reflected in Table 1 (refer to appendix). In studies where net emissions 
were recorded, it is believed that uptakes in soils might have reduced the magnitude (Arah et 
al., 1991; Chapuis-Lardy et al. 2007; Frasier et al., 2010). There are even several studies 
across several ecosystems where overall net uptakes were measured as reflected in Table 2 
(refer to appendix). Such overall net uptakes were however more predominant in boreal and 
temperate ecosystems.  In those studies, denitrification has been a dominant controlling factor 
in controlling the fluxes.   
 
2.3.1 The relative effect of nitrification and denitrification on N2O fluxes  
Recent GHG models assume that the final step of the denitrification (N2O →N2) is the major 
controlling mechanism that reduces N2O flux to the atmosphere (Sandorf et al., 2012). In 
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estimating the relative influence of nitrification and denitrification on N2O fluxes, models  
predict that, nitrification dominates as a source of N trace gases when there is enough soil 
water but less than field capacity (10–60% WFPS) (Davidson 1991; Davidson & Verchot 
2000).    A schematic representation of nitrification and denitrification is shown in Figure 6.  
 
Fig. 6. A schematic representation of nitrification and denitrification as adopted from 
Butterbach-Bahl et al (2013) 
  
However, denitrification takes over above field capacity (Davidson 1991; Davidson & 
Verchot 2000). But in comparing the relative N2O source strength of denitrification and 
nitrification, it is believed that denitrification is probably a much more potent N2O source 
than nitrification, as shown by the low N2O/ NO3
- product stoichiometry of nitrification 
(Mørkved, et al., 2007; Bakken et al., 2012).  
 
2.3.2 Some brief definitions and controlling factors of denitrification 
 
Some authorities have made some attempts at defining the process of denitrification.  
Denitrification could be defined as a stepwise reduction of NO3
- through NO2
- NO, N2O to 
N2, driven by four reductase enzymes NAR/NAP, NIR, NOR and N2OR, respectively 
(Bakken et al., 2012).  Denitrification has also been explained as a stepwise microbial 
28 
 
respiratory process in which nitrogen oxides are reduced to NO, N2O, and N2 (Zumft, 1997; 
Philippot, et al., 2007).  Studies over the years have revealed some complex interplay of 
factors that control the denitrification process. In general, anoxic conditions, as indicated by 
water filled pore space (WFPS) above 60%, a C: N ratio greater than 30, and neutral pH, have 
been documented to favour complete denitrification of N2O to N2 in soils (Conrad, 1995, 
1996; Klemedtsson et al., 2005; Cuhel et al., 2010; Braker and Conrad, 2011). Some of the 
documented factors that regulate denitrification rates include oxygen availability, pH, 
temperature, the availability of substrates or nutrients, and electron acceptors, as well as by 
the denitrifier community composition (van Cleemput, 1998; Dörsch et al., 2011).    
 
With respect to soil moisture, the anoxic condition created during high soil moisture level is 
believed to stimulate N2O production by denitrification (Vanitchung et al., 2011).  Bakken et 
al (2012) added that denitrifying prokaryotes use NOx as terminal electron acceptors in 
response to oxygen depletion, created by high moisture. It is believed that, the denitrification 
proteome (NAR, NIR, NOR and N2OR) and several other important proteins are synthesized 
in response to oxygen depletion, and could be blocked significantly by high oxygen 
concentrations (both transcriptional and post-transcriptional control (Van Spanning et al., 
2007; Bakken et al., 2012).   
 
Regarding soil temperature, soil temperature also affects the denitrification process 
(Vanitchung et al., 2011).  Briefly, denitrification generally increases with increasing 
temperature, as low temperatures seem to limit the activity of the N2O reductase enzyme 
(Palmer et al., 2010).  Palmer et al (2010) revealed that though denitrification occurred at 
temperatures ranging from 0.5°C to 70°C, denitrification rates at temperatures above 60°C 
were minimal. Concerning N availability, it is documented that N availability exerts a 
significant control on denitrification because the polymeric organic N for instance serves as 
an important substrate (Vanitchung et al., 2011). Decomposition rate also control 
denitrification processes in soils. This is because decomposition influences N availability. 
Also, it is also reported that soil type, texture and soil pH directly or indirectly influence 
denitrification (Palmet al., 2002). Briefly, clayey soils (Matson and Vitousek, 1987; Mosier et 
al., 1996; Verchot et al., 1999), soil texture, higher bulk density, and low porosity contribute 
to the development of anoxic conditions and subsequently enhance denitrification (Bhandral 
et al. 2007).   
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With regards to soil pH, it is generally believed that the N2O reductase enzyme is hindered by 
a low pH (Richardson et al., 2009). Also, Cuhel et al (2010) found out that the highest 
denitrification gene copy numbers were observed in natural pH plots with significantly lower 
gene copy numbers in acidic soils.  Palmer et al (2010) explained that the relative percentage 
of N2O to total denitrification-derived nitrogenous gases increases with increasing acidity. 
Specifically, Palmer et al (2010) found that denitrification occurred at pH range of 2 to 6.6, 
but highest denitrification rates were observed at in situ pH (4.7 to 5.2).  A more detailed 
work with the model strain of P. denitrificans by Bakken et al (2012) on the effects of pH on 
denitrification revealed the following: Firstly, at pH 7, P. denitrificans emits nearly no N2O 
when transiting  from oxic to anoxic denitrification in batch cultures. Secondly, lowering the 
pH of the medium led to an increase in transient accumulation of N2O, and at pH 6, it 
produced nearly 100 per cent N2O, with no N2O reductase activity. Thirdly, they noted that 
the lack of N2O reductase activity at pH 6 was not a direct result of low relative transcription 
rate of nosZ compared with that of the other denitrification genes as the ratio between mRNA 
copy numbers for nosZ and nirS was practically unaffected by pH. Fourthly, the lack of N2O 
reductase activity at pH 6 was not also due to a particularly narrow pH range for the activity 
of the N2O reductase enzyme as compared with that of the other denitrification enzymes.  The 
N2O reductase expressed at pH 7 was functioning well at pH 6 when tested in vivo.  Bakken 
et al (2012) concluded that low pH hinders the synthesis of a functional N2O reductase 
enzyme by interfering with the assembly of the enzyme in the periplasm, which is the 
location of the functional enzyme. They opined strongly that the N2O/(N2+N2O) product 
ratio of denitrification is controlled by pH, either  in pure cultures of denitrifying bacteria or 
in soils.  
Concerning the effects of community composition of soil denitrifiers on the denitrification 
process, it is generally known that it takes microbes to steer the denitrification process.  It is 
denitrifiers that contain the catalytic center encoded by narG/napA, nirK/nirS, norB, and 
nosZ genes that catalyze the sequential reduction of N-oxides to N2O and/or N2 through the 
action of nitrate, nitrite, nitric oxide, and nitrous oxide reductases (Zumft, 1997; Kolb and 
Horn, 2012). The community composition of soil denitrifiers is therefore deemed as an 
important factor that influences denitrification (Palmer and Horn, 2012; Braker et al., 2011). 
Briefly, complete denitrifiers are facultative aerobes that can switch from oxygen respiration 
to denitrification when soils become anoxic.  Braker et al (2011) therefore described 
microbes capable of denitrification are as polyphyletic facultative organisms that can shift 
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from oxygen respiration to anaerobic respiration, using nitrogen oxides as alternative terminal 
electron acceptors during transition from oxic to anoxic conditions.    
 
2.4.0 Organisms consuming atmospheric N2O in various ecosystems  
Discussions in the following section will be based on non-physiological and abiotic 
mechanisms behind N2O consumption, the microbial consumption of N2O, enzymatic 
reactions behind N2O fluxes, typology of organisms responsible for microbial N2O 
consumption, differences between typical and atypical nosZ genes, unique characteristics of 
denitrifiers, and the potential underestimation of microbial communities involved in N2O 
turnover and N-cycling.  
 
2.4.1 Non-physiological and abiotic mechanisms behind N2O consumption   
Evidences of abiotic conversion of N2O at ambient temperatures with transition metal 
complexes and metal amides do exist (Banks etal., 1968; Zumft and Kroneck, 2007).  Some 
enzymes may catalyze N2O reduction win non-physiological reactions, e.g. metallo-enzymes 
(Jensen and Burris, 1986; Bannerjee and Matthews, 1990; Lu and Ragsdale, 1991; 
Drummond and Matthews, 1994; Stach etal., 2000).  However, such non-physiological and 
abiotic mechanisms, depicted by usually low Km values, play just a minor role in the total 
global consumption of atmospheric N2O (Zumft and Kroneck, 2007).  
 
2.4.2 The microbial consumption of N2O 
 
Ample information on N2O consumption in many ecosystems is available but the same 
cannot be said about the microbial mechanisms behind these consumptions (Kolb & Horn, 
2012). However, Recent GHG models assume that the final step of the denitrification       
(N2O →N2), is the major controlling mechanism that reduces N2O flux to the atmosphere 
(Sandorf et al., 2012).  Therefore, much N2O consumption in soils has been attributed to 
denitrifiers hosting N2O reductases (Kolb & Horn, 2012).  A schematic view of the overall 
processes involved in the biotic and abiotic processes of nitrous oxide (N2O) can be seen in 
Figure 7.   
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Fig. 7. Schematic view of the overall processes involved in the biotic and abiotic processes of 
N2O as adopted from Butterbach-Bahl et al (2013) 
 
The community composition of soil denitrifiers impacts on denitrification capacities and on 
the release of N2O into the atmosphere (Palmer and Horn (2012).  Sandorf et al (2012) 
highlighted that diverse range of microbes including complete denitrifiers              
(NO3
−/NO2
− → N2); incomplete denitrifiers (NO3
−/NO2
− → N2O), nitrate reducers (NO3
− → 
NO2
−), ammonifiers (those responsible for dissimilatory nitrate reduction to ammonium 
(DNRA), (NO3
−/NO2
− → NH4+), and nitrosifyers (NH4
+ →NO2
−) play vital roles in N2O 
fluxes (Sandorf et al (2012).   
 
2.4.3 Enzymatic reactions behind N2O fluxes  
Briefly, microbes capable of complete denitrification possess respective enzymes such as Nar 
and/or Nap, which convert NO3
− to NO2;  Nir S/K, which convert  NO2− to NO;  Nor,  which 
convert  NO to N2O; and N2OR which convert N2O to N2, through the stepwise reduction of 
NO3
− to N2 (Sandorf et al (2012).  These enzymatic reactions are largely responsible for the 
N2O fluxes from natural ecosystems.  
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2.4.4 Typology of organisms responsible for microbial N2O consumption 
Sandorf et al (2012) who screened 126 bacterial and 7 archaeal genomes containing nosZ 
found out the following. Firstly, they found two distinct types of nosZ genes namely, typical 
nosZ genes and atypical nosZ genes.  They reported a diverse distribution of nosZ genes 
among 16 bacterial and archaeal taxonomic groups. The typical nosZ genes belonged to the 
Alpha-, Beta-, and Gammaproteobacteria that are capable for complete denitrification.  
Further analysis by Sandorf et al (2012) revealed that the uncharacterized (atypical) nosZ 
genes also encode functional nosZ that is also capable of N2O consumption and they 
represent abundant and diverse microbial taxa that are phylogenetically distinct.   
 
Interesting, Sandorf et al (2012) also found that some genomes that harbour typical nosZ 
lacked nirS or nirK homologs, suggesting that even though such genomes can consume N2O, 
they cannot produce N2O.  Mature N2OR are known to be located in the periplasm or 
associated with membranes (Zumft and Kroneck, 2007).  Sandorf et al (2012) concluded 
rather strongly that the reduction of N2O to N2 is not limited solely to complete denitrifiers 
that harbour typical nosZ genes but also other, uncharacterized and unaccounted 
taxonomically diverse microbes that possess atypical nosZ genes. Previous studies (Payne et 
al., 1982; Simon et al., 2004) gave some initial clues that some microbes (eg. Wolinella  
succinogenes and Campylobacter fetus) with atypical nosZ genes may be functional, and 
grow using  N2O as electron acceptor though could not denitrify.  Phylogeny of 136 typical 
and atypical NosZ sequences representing 133 genomes can be seen in Figure 8.   
 
In support of Sandorf et al (2012), a study by Jones et al (2013) upon a comprehensive 
phylogenetic analysis of the nosZ gene phylogeny also revealed two distinct clades of nosZ, 
of which one is unaccounted for in studies concerning N2O-reducing communities. This 
finding suggests a physiological dichotomy in the diversity of these N2O reducing microbes 
namely  Clade I (equivalent to typical nosZ genes) and Clade II (almost equivalent to atypical 
nosZ genes) reported  by Sandorf et al (2012). Clade I consisted entirely of previously 
observed sequences from Alpha-, Beta-, and Gamma-proteobacteria, (Jones et al., 2008; 
Palmer et al., 2009) and all of them possessed a Tat signal peptide motif; with some 
exceptions. There were no unique C-terminal domains among the Clade I group.   
 
On the contrary, Clade II which were more diverse and most of them encoded a Sec signal 
recognition motif except the hyperthermophilic archaea (Ferroglobus placidus) and 
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thermophilic bacteria (Thermomicrobium roseum and Sphaerobacter thermophilum) 
belonging to phylum Chloroflexi (Hugenholtz and Stackebrandt, 2004).  A pictorial 
representation of the two distinct nosZ clades can be seen in Figure 9.   
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Fig. 9. A pictorial representation of the two distinct nosZ clades as adopted from Jones et al 
(2013) 
 
 
2.4.5 Some documented differences between typical and atypical NosZ genes 
 
The following are some basic differences between typical (Clade I) and atypical (Clade II) 
NosZ genes. Firstly, findings of Sandorf et al (2012) suggests for that the atypical NosZ gene, 
for instance, Anaeromyxobacter, is involved in energy conservation and may operate with 
greater efficiency than the respiratory machinery of the compared Pseudomonas stutzeri 
strain which harbours  a typical NosZ gene.  
 
Secondly, while the typical NosZ gene may experience inhibited N2O respiration in the 
presence of nitrate (Richardson et al., 2009); no diminished N2O reduction rates were 
observed when Anaeromyxobacter cultures (atypical nosZ gene) were amended with 1 mM 
nitrate (Sandorf et al., 2012).  
Thirdly, differences also exist in the structure of N2OR protein across the cytoplasmic 
membrane (Sandorf et al., 2012). In agreement, Jones et al (2013) also acknowledge the 
difference in the signal peptides of Clade I and Clade II, thus suggesting a difference in the 
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location of the transmembrane protein of the two different Clades.  Specifically, all currently 
known typical NosZ possess the twin-arginine translocation (Tat) signal peptide, with the 
characteristic [RRx (FjL)] motif (Berks, Palmer and Sargent, 2005) while known  atypical 
NosZ, in the  exception of Chloroflexi, possess an N-terminal Sec-type signal peptide (den 
Blaauwen and Driessen, (1996).  Some basic structural representation of typical and atypical 
NosZ genes is reflected in Figure 10.  
 
Fig. 10. Some basic structural representation of typical and atypical nosZ genes as adopted 
from Sandorf et al (2012)  
 
A further schematic representation of nosZ gene showing the center multinuclear copper 
catalytic site (CuZ) and the C-terminal cupredoxin active site (CuA) of Clade I and Clade II 
NosZ genes can be seen in Figure 11.  
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Fig. 11. Schematic representation of copper catalytic site (CuZ) and the C-terminal 
cupredoxin active site (CuA) of Clade I and Clade II as adopted from Jones et al (2013)  
Fourthly, differences 
exist in two of the 
seven conserved 
histidine residues 
involved in the 
binding of the 
catalytic copper 
center (CuZ) (Zumft, 
2005; Zumft and 
Kroneck, 2007). 
Specifically, while 
the CuZ-binding 
motifs associated 
with the first two 
histidines 
(DxHHxH) and the last histidine (EPHD) showed  100% conservation among the typical 
NosZ, relatively few  conserved residues were observed in the CuZ-binding motifs of atypical 
NosZ (DxHH and EPH) (Sandorf  et al., 2012).  
 
Moreover, while typical NosZ microbes form  an ecophysiologically homogeneous group, 
atypical NosZ microbes constitute a more ecophysiologically diverse group and may inhabit  
much broader range of habitats, including anoxic, microaerophilic, oxic, psychrophilic, 
piezophilic, thermophilic, and halophilic environments (Sandorf  et al., 2012).  Jones et al 
(2013) agreed with Sandorf et al (2012) on this fact too.  
 
Concerning the relative abundance of typical (Clade I) and atypical (Clade II) nosZ genes, 
Jones et al (2013) reported that the novel clade (Clade II) was as abundant as, and in some 
habitats even dominating the known/characterized clade (Clade I). Also, the relative 
abundance of nosZ of both clades differed with changing habitat types and prevailing 
environmental conditions (Jones et al., 2013).  There is even developing evidence that the 
Clade II or atypical nosZ genes might be more abundant than typical nosZ genes in some 
habitats capable for consumption of atmospheric N2O (Siljanen et al., Unpublished). These 
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occurrences point to the fact that the overall N2O-reducing community in the environment 
could be twice higher than previously thought (Jones et al., 2013).   
 
2.4.6 Some unique characteristics of denitrifiers  
Denitrifiers have some unique characteristics. They have the capacity to both produce and 
consume N2O (Zumft, 1997). Though they are distinct at different pH values, they are also 
capable of adapting to the in situ pH of the systems (Parkin, Sexstone, and Tiedje, 1985; 
Simek, Jisova, and Hopkins, 2002; Yamulki, et al., 1997). Still on pH, information on acid-
tolerant denitrifiers is also accumulating (Kolb and Horn, 2012; Palmer et al., 2010).  Palmer, 
et al (2010) found that regional fen harbour novel and highly diverse acid-tolerant denitrifier 
communities that are capable of complete denitrification and N2O consumption at in situ pH.   
Denitrifiers also have a high affinity for nitrate (Palmer et al, 2010).  
 
 
2.4.7 The underestimation of microbial communities involved in N2O turnover and N-
cycling 
 Palmer and Horn (2012) stated that only about two-thirds of the genomes of cultured  
denitrifiers harbour nosZ genes. However, many believe that full data of microbial 
communities involved in N2O turnover and N-cycling is not known yet (Palmer et al., 2010 
Horn, 2010; Marushchak, et al, 2011; Palmer and Horn, 2012, Palmer et al., 2012). Some 
believe that the molecular methods used for such microbiological analysis have certain 
weaknesses.  For example, denoising of pyrosequencing is reported to have reduced the 
number of detected OTUs for all tested gene markers especially, at small clustering distances 
(Palmer and Horn, 2012).   
 
Again, different nosZ genes may dominate different habitats. For example, while nosZ genes 
from Finnish palsa peat soil were dominated by sequences related to Bradyrhizobium and 
Azospirillum (Palmer et al., 2012), those from Russian tundra peat soil were dominated by 
Mesorhizobium related nosZ genes (Palmer et al., 2012).  As such some difficulties may show 
up in finding the right primer sets to capture all different nosZ genes at different habitats.  For 
instance, Sandorf et al (2012) highlighted that earlier nosZ-targeted PCR primers do not 
capture important atypical nosZ genes.  
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In agreement with Sandorf et al (2012), Jones et al (2012) added that since most studies 
involving denitrifier diversity usually utilize the nosZ gene marker, there is the tendency of 
retrieving only nosZ sequences that are close to alpha-, beta- or gammaproteobacteria. 
Sandorf et al (2012), for example, mentioned that the commonly used nosZ-targeted primer 
sets such as Nos661F/Nos1773R (Scala and Kerkhof, 1998), NosZ-F/nosZ1622R (Kloos et 
al., 2001; Throbäck et al., 2004), nosZ1F/nosZ1R, and nosZ2F/nosZ2R (Henry et al., 2006), 
etc are not comprehensive. These primer sets are incapable of amplifying atypical nosZ genes 
Sandorf et al (2012).  There is therefore the challenge of primer biases, though they could be 
minimized by applying two-step PCR approaches (Berry et al., 2011; Palmer and Horn, 2012) 
or simply using several different primer sets in a single study.  
 
 However, current knowledge points that that nosZ is harboured by  high numbers of much 
broader range of archaeal and bacterial phyla (and even some fungi) than previously known 
(Roesch et al., 2007; Green et al., 2010; Kirchman et al., 2010; Wesse´n et al., 2010; Newton 
et al., 2011; Jones et al., 2011).  
 
Therefore, due to the relatively less studies involving denitrifier diversity capable of 
consumption N2O and the selective nature of PCR-based gene marker analyses (Kolb & 
Horn, 2012), currently known diversity of microbial communities capable for consumption of 
N2O are believed to be underestimated (Throback et al., 2004; Green et al., 2010; Heylen et 
al., 2011; Jones et al., 2011; Kolb & Horn, 2012).   
 
 
 
 
 
 
 
 
 
 
 
 
 
40 
 
3.0 MATERIALS AND METHODS  
This section will concentrate on aims of the study as well as the materials and methodology 
employed in the study.  
 
3.1 Study sites  
Soil samples were collected from Tropical Teak forest (TT), Temperate Pine forest (TP), 
Temperate Spruce forest (TS) and Boreal Spruce forest (BS). These sites are named hereafter 
as TT, TP, TS and BS sites respectively. The TT site is located within the Kakum National 
Park area (50 25’N 10 19’W). The Kakum National Park is a tropical rain forest located in the 
coastal Central Region of Ghana, West Africa. It is approximately 33 kilometres (21 mi) 
north of Cape Coast and Elmina, within the environs of a small village called Abrafo. The 
vegetation of the 90% forest area consists mainly of moist evergreen mixed-species forest 
and some seasonal dry semi-deciduous forest. It has an annual average rainfall of 1380 mm, 
and reported annual temperature range is 18.2 - 32.1 °C (Monney et al., 2011).  The trees that 
were closer to the sampling plot were Entandrophragma cylindricum, Mansonia altissima, 
Cola gigantean, Alstonia boonei, Ceiba pathandra etc but predominantly Tectona grandis 
(Teak) and the understory consisted of diverse herbs, shrubs even grasses. Tree stand was 
about 84 years old. The BS site is located about 100km South-East from Kuopio, Village 
Heinävesi, Eastern Finland (620 26’N, 280 38’E). The site is basically a mineral forest 
characterised by a humus layer and mineral soil. It has an average rainfall of 644 mm and 
average temperature of 2.8 °C. The dominant vegetation is Norway spruce (Picea abies) with 
a stand age of 80 years. It is an upland forest described as the Myrtillus type (MT) (Hotanen 
et al., 2008). Understory vegetation was dominated by Vaccinium myrtillus and Sphagnum 
mosses, and there was also in minor parts Oxalis acetocella. The samples of the TS site were 
collected close to Czech Budojevice (480 58’N, 140 25’E) city, Czech Republic. About 80% 
of the trees were Norway spruce (Picea abies) and 20% were oaks (Quercus sp.), understory 
vegetation was dominated by wild raspberry (Rubus idaeus). Tree stand was about 80 years 
old. It has an annual average rainfall of 630 mm and annual average temperature of 9.3 °C. 
The samples of the TP site were collected close to San Bartolome la Tirajana town, Spain 
(270 55’N, 150 34’W). Vegetation was Canarian pine (Pinus canariensis). The tree stand was 
about 35 years old. There was no understory vegetation. The site has an annual average 
rainfall of 190 mm and annual average temperature of 20.7 °C.  
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3.2 Soil collection and preparation  
Triplicate intact soil cores were collected into PVC tubes (diameter 9cm and length 60cm) 
from each site (except TP site, in which coring was not possible).  The adjacent surface soil 
of uppermost organic rich layer; varying between sites were collected (TT site: 0–5cm, TP 
site: 0–5cm, TS site: 5–10cm and BS site: 5–10cm). The TS samples were collected 2nd of 
March 2013, and the TP samples were collected on 18th of March 2013. The BS sample was 
collected on 5th June, 2013 and the TT sample was collected on 7th June 2013. Samples were 
shipped to the laboratory of biogeochemistry research group, and stored immediately in +4 C 
degrees until measurements were performed. The soils were then sieved with 2mm mesh.  
 
3.3 Physical and chemical analysis of soil 
To analyze the physical and chemical characteristics, two grams of soil was extracted with 
15ml milliQ water and 1M KCl for soil extractable NO-3 and NH4
+ analysis respectively. The 
extractions were shaken at 150 rpm and temperature of +21.5±0.50C for 60 minutes. The 
extractions were then filtered using filters (589/3 ashless filter paper, Blueribbon filter paper, 
circles 185mm) with funnel overnight. Extractions were then stored at -800C until the analysis 
of NO-3 and NH4
+. The NO-3 content was analyzed by the use of axo-dye calorimetrically by 
reducing NO-3 to NO
-
2 with VCl3 and then measuring color of Griess reaction at 540nm. The 
NH4
+ was determined spectrophotometrically based on colour formation between ammonium 
and the reagents (sodium phenate, 0.01 % sodium nitroprusside and 0.02 M sodium 
hypochlorite) (Fawcett & Scott 1960).  
 
The pH of the soil was measured from the soil-water suspension (1:2.5–3 volume per 
volume) by using a pH meter (WTW pH – Electrode SenTix® 81, Germany).  The electrical 
conductivity was also measured using EC-meter (WTW TetraCon® 325, Germany). The soil 
water content was measured by drying duplicates of soil samples at 650C overnight.  The 
differences in masses before and after drying were then calculated after cooling in a 
dessicator.  
3.4 N2O consumption potential  
Triplicates of 5 g of soils were taken into 100 ml bottles. Bottles were then covered with 
rubber septa and aluminium cap. Anaerobic headspace was created in bottles by flushing with 
100% argon in the evacuation system. The pressure was balanced with a water-lock after 
which 10ml argon was added to the headspace to create overpressure. N2O consumption 
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potential was measured immediately by taking samples from headspace at 2h, 10h, 24h and 
98h time points to Electron Capture Device equipped Gas Chromatography (Hewlett Packard 
5890 Series II, U.S.A). At start of the incubation, 500ppb N2O was added to the headspace 
and N2O consumption/production potential was calculated from linear decrease or increase of 
N2O concentration. Bottles were incubated at + 15 
oC in dark. 
3.5 N2O flux measurement 
N2O flux measurements were done immediately after transportation of intact soil cores to the 
laboratory in Biogeochemistry group in UEF, Kuopio. The soil N2O concentrations were 
measured from soil layers through rubber septa, which were installed by drilling holes along 
layers of the intact PVC tubes under Argon flow to keep soil layers anoxic. These holes were 
drilled to PVC tube holding the soil core at layers of 2.5cm, 5.0cm, 7.5cm and 10cm from the 
soil surface respectively. Soil N2O concentrations were taken from these soil layers through 
the septa with needle-equipped syringe. The fluxes were taken at time intervals of 5, 10, 15 
and 25 minutes after chamber closure. Gas samples were measured with Electron Capture 
Device equipped Gas Chromatography (Hewlett Packard 5890 Series II, Agilent Technology, 
U.S.A.) and the flux were calculated based on the slope value gained for samples. Hereafter, 
these results were referred to as initial. The intact soil cores were kept open from the top for 
drainage, by evaporation at + 20 oC for one month. After drainage soil N2O concentrations 
and fluxes were taken and measured using the same method as the initial and results named 
hereafter as drained.  
3.6 Enrichment media selection and enrichment culturing 
A pilot study was conducted initially to select the best media, soil sample with the best 
consumption potential and the best succinate carbon concentration. Four different enrichment 
media with four different respective succinate carbon concentrations were tested to choose 
the media and succinate carbon concentration, which was supporting highest N2O 
consumption rate.   The four media were Diluted Nutrient Broth (DNB) media, B-media, 
Freshwater media and Sistrom’s media, all without inorganic nitrogen sources. The DNB 
medium was prepared from a 100-fold dilution of Nutrient Broth (NB) medium with 
sterilized water.   The NB contained 1% (w⁄ v) each of peptone and beef extract and 0.5% (w⁄ 
v) of NaCl as adopted from (Hashimoto et al, 2010). The B-media was composed of         
(%,w /v) : glucose, 0.2; peptone, 0.4; yeast extract, 0.1; K2HPO4 0.1 ; magnesium sulphate, 
0.05 ; ferrous sulphate, 0.001 ; manganese sulphate, 0.001; as adopted from (Eylar and 
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Schmidt (1959). The Sistrom’s media contained per litter: 2.0 g of succinic acid, 0.10 g of 
sodium glutamate, 0.04 g of aspartic acid, 1.0 mg of nicotinic acid, 0.50 mg of thiamin/HCl, 
0.010 mg of biotin, and additional inorganic salts as adopted from (Lueking et al, 1978). The 
Freshwater media contained NaCl (1 g·L−1), MgCl2 (0.4 g·L
−1), CaCl2 (0.1 g·L
−1), KH2PO4 
(0.2 g·L−1), KCl (0.5g·L−1), 1 mL modified non-chelated trace element solution, 1 mL 7.5 
mM NaFeEDTA, as adopted from Lehtovirta-Morley et al (2011).   
 
The four different respective succinate carbon concentrations that were used were 0.1mg of C 
per g of soil, 0.05mg of C per g of soil, 0.01mg of C per g of soil, and 0.001mg of C per g of 
soil. The pilot experiment was done at least in duplicates.  The four experimental soils tested 
were TT, TP, TS and BS.  To find the conditions most suitable for N2O consumption, 5 g of 
soil samples from each were put in separate 100ml bottles. Afterwards, 5ml of the four 
different media (pH 7), with the four different concentrations of succinate stock (stated 
earlier), were added to the soil in the bottles separately.  Bottles were then tightly covered 
with rubber septa and aluminium caps. Anaerobic conditions were created in the bottles by 
evacuating bottles with a vacuum pump and flushing with 100% Argon. The pressure was 
balanced and, after which 10ml of 100% Argon was added to create overpressure.  
The incubation was then started by adding 500 ppb N2O to the headspace. N2O 
concentrations were then followed by a direct injection electron capture detector equipped 
GC (HP, USA). Measurements were taken at approximately 24 hours intervals for four days. 
The DNB media (pH 7) and 0.01mg of C per g of soil of succinate was supporting most 
efficiently N2O consumption of most of the soils and it was therefore selected to use for 
further enrichment generations (data not shown). Three rounds of enrichments with 10% 
inocula from previous batch for 28 days period was performed when N2O added to the 
headspace were consumed. However, in case of samples, which showed fluctuating N2O 
concentrations, especially the TT sample, inoculation to the next generation was done even 
though added N2O was not completely consumed. Growth of N2O consuming denitrifiers 
were monitored with N2O concentrations measured every 2
nd day.  
3.7 Acetylene inhibition on Boreal Finland soils  
The BS soil, showing maximum N2O uptake, were selected for the Acetylene inhibition test. 
The experiment was performed in conditions used for enrichment cultures to sustain carbon 
and nutrient needs of denitrifiers. 10% acetylene (C2H2) was added to the acetylene inhibition 
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samples only. The control samples were left without acetylene (Schuster and Conrad, 1992; 
Frasier et al, 2010).  
3.8 DNA extraction 
The soils of the study sites were extracted with the bead-beating technique using a FastDNA 
SPIN kit for soil (Q-BIOgene) and phenol/chloroform extraction based on a protocol 
published by Yeates and Gillings (2000) and Griffiths et al.  (2000). Freeze-dried mortar-
homogenized soil pre-stored at -80 0C was used for DNA extraction. The soil sample, 100 
mg, was weighed into Lysing matrix E tubes. The lysing-buffer used was 240mM NaPO4 pH 
8.0, 6 % CTAB, 1.5 M NaCl, 5 % PVP K30 and phenol/chloroform/Isoamyl alcohol 
(25/24/1) was used for extraction.  DNA was precipitated with 30% PEG 6000 (1.6M NaCl), 
and washed after, ethanol (70%) was performed. After these steps, DNA was brownish, and it 
was further purified by running it through PVP (2%)/agarose (2%) gel with electrophoresis to 
get rid of the humic acids. DNA was dissolved to 50μl of DEPC-H2O and stored at -20 
0C.  
DNA extraction for the enrichment were done from 1 mL of the respective enrichment 
cultures of the four sites as described for the soils, with the exception of running through PVP 
(2%)/agarose (2%) gel with electrophoresis.  
3.9 Preparation of PCR Products 
The hot-start PCR technique was performed by using: 0.25µl of GoTaq Polym (5µ/µl), 10µl 
of 5X Green GoTaq Flexi, 1 µl of BSA, 0.4 µl of dNTP, 4µl of MgCl, 2 µl (0.4µM) of NOS Z 
F- 1181 (10 µM) (Rich et al., 2003), 2 µl (0.4µM) of NOS Z R- 1880 (10 µM) (Rich et al., 
2003) and 0.5 µl of DNA sample. Specifically, the primer sequences utilized were as follows:  
5’-CGCTGTTCITCGACAGYCAG-3’ for the forward primer (nosZ-F-1181) and  
5’-ATGTGCAKIGCRTGGCAGAA-3’ for the reverse primer (nosZ-R-1880), (I, inosine; Y, 
T and C; K, T and G; R, A and G) (Rich et al., 2003). The bold characters depict nucleotides 
that are different from those in the presented sequence and the numbers included in primer 
designations show nucleotide positions at the ends of the Pseudomonas stutzeri 700-bp nosZ 
fragment (GenBank accession no. M22628) (Rich et al., 2003).  GoTaq DNA polymerase 
(0.25µl, (5µ/µl) was added to the reaction. 32 repeated cycles in the order of 95°C for 30 
seconds, 57°C for 30 seconds and 72°C for 45 seconds. The PCR products were run on 
agarose gel to ensure clear bands, suggesting successful amplification and also to ensure there 
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was no contamination in negative controls.  The PCR products were stored in -20 degrees 
until further analysis.   
3. 10 Terminal Restriction Fragment Length Polymorphism (t-rflp) 
The t-rflp was carried out on cleaned PCR products using MspI restriction enzyme. The 
forward primer nosZ-1181-F was FAM labeled. The gene fragment lengths were measured 
with Applied Biosystem fragment analyzer by internal size standard added to each sample. 
Relative abundance of each fragment was calculated by comparing peak area of each 
fragment to total peak are of fragments. Results for BS and TS only were presented because 
results from the TP and TT samples were not reportable.  
3.11 Clone library construction and phylogenetic analysis 
Triplicate DNA samples of sites TS and BS were run with three technical replicated PCR 
reactions. These technical replicas were pooled together, and these fresh PCR products were 
cleaned using the QIAquick Gel Extraction Kit protocol and ligated into the pGEM vector 
(Qiagen), and further transformed to TOP10 competent E.coli cells. Clones were prepared for 
sequencing with the M13 primers. The DNA sequencing was performed using the Applied 
Biosystems 3730XL automated sequencing system using a DNA sequencing service 
(Macrogen Ltd, Seoul, South Korea) located in Netherlands.  Sequencing results were vector 
screened and similarities of sequences were studied using the National Center for 
Biotechnology Information (NCBI) nucleotide blast programme. Again, much attention was 
paid to the results from the BS sample because it is the sample that showed potential N2O 
consumption, which was the major interest of the study.   
 
3.11 Statistical analysis  
Statistical analysis was carried out by first conducting the Shapiro–Wilk test of normality of 
the variables. The populations that differed significantly from normal distribution were   log- 
or square root transformed. The populations that were normally distributed were evaluated 
with one-way ANNOVA. The populations that were not normally distributed were evaluated 
with the Kruskal Wallis test. All statistical tests were performed using R 3.0.1 (R Core Team, 
2013). 
 
 
 
46 
 
4.0 RESULTS 
 4.1 Soil properties physical and chemical properties 
 
Table 3. Soil physical and chemical properties. The studied soil characteristics include EC, 
pH,  Gravimetric moisture content, dry matter, NH
4
+ 
 content and NO
3
-
content. Data are 
means and standard deviations. Different letters indicate statistically significant differences 
between the types (P < 0.05).   
The BS soil had the highest NH4
+ content (0.12 ± 0.0 mg-NH
4
+
-Ng-1 DW) followed by the TS 
soil (0.09 ± 0.0 mg-NH
4
+
-Ng-1DW), the TP soil (0.12 ±0.05 mg-NH
4
+
-Ng-1 DW), with the TT 
soil  having the lowest NH4
+ at a value of 0.01 ± 0.0 mg-NH
4
+
-Ng-1 DW respectively (Table 
3).  
 
Soil types 
 
 
EC  
 
 
pH 
 
 
Gravimetric  
Moisture 
content (%) 
 
Dry matter 
(%dw) 
 
 
 
mg-NH
4
+
   
-N.g-1 
(DW) 
 
   mg-NO3
-  
- N.g-1     
(DW) 
TS 
68 ± 3 a 4.42 ± 0.07a 48.51 ± 0.55a 51.49 ±0.55 0.09 ± 0.0a 0.2 ± 0.0a 
 
BS  
 
52.67 ± 
9.10a 
 
4.20 ± 0.10a 
 
47.01 ±7.08b 
 
80.71 
 
0.12 ±0.05b 
 
1.10 ±0.80b 
 
TT 
 
52 ± 4 a 
 
6.48 ± 0.26 c 
 
11.66 ± 0.94cd 
 
88.34 ± 0.94 
 
0.01 ± 0.0bc 
 
0.15 ± 0.0bc 
 
TP  
 
76 ± 17 a 
 
7.21 ± 0.13d 
 
16.15 ± 0.75d 
 
83.85 ±0.75 
 
0.02 ± 0.0d 
 
0.15 ± 0.0d 
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A different trend was however observed for the NO3
- contents of the soil samples.  Both the 
TT soil and the TP soils had the lowest NO3
- contents at a value of 0.15 mg-NO3
- - Ng-1 DW.  
This is followed by the TS soil (0.2 ± 0.0 mg-NO3
- - Ng-1 DW) with the BS soil having the 
highest lowest NO3
-  (1.10 ±0.80 lowest NO3
-) concentration as shown in Table 3.  
 
With regards to the gravimetric moisture content, the TS soil was highest with a value of 
48.51 ± 0.55%, followed by BS soil (47.01 ±7.08), the TP soil (16.15 ± 0.75%), with the TT 
soil having the lowest  gravimetric moisture content (11.66 ± 0.94) as reflected in Table 3. 
Concerning the pH, the TS soil was highest in acidity (4.42 ± 0.07) followed by the BS soil 
(4.20 ± 0.10), then the TT soil (6.48 ± 0.26) with the TP soil lowest in acidity (7.21 ± 0.13) 
respectively.  
 
4.2 Soil N2O consumption potential, N2O fluxes and N2O concentrations  
 
The BS soil showed N2O consumption potential, whilst the other soils had mainly N2O 
production potential, however large spatial variability was reflected with some replicas 
showing consumption potential (TS ans TP soils).  The TT soil sample had the highest N2O 
production potential at a value of 579.3 ng N2O g
-1 min-1, followed by the TP soil at 338.4 ng 
N2O g
-1 min-1, the TS soil at 234.9 ng N2O g
-1 min-1, with only the BS soil having a net 
negative consumption potential of -1.28 ng N2O g
-1 min-1. These figures therefore reflect 
clearly that the BS soil had the best N2O consumption potential.   
 
The BS soil also showed the highest N2O uptake with a mean value of – 317.81µg N2O m
-2d-1 
after drainage. Drainage increased N2O uptake flux in both the TT and BS soils, with the 
most uptakes in the BS soil.  There were some slight differences between the air and soil N2O 
concentrations. In general, the N2O concentrations were slightly higher in the soils than the 
air. With the TT soil for instance, the initial soil N2O concentration at 2.5-5cm (367,05ppb) 
was slightly higher than that of the initial ambient (349.38 ppb).  However, the initial soil 
N2O concentration at 7.5-10cm (315.41 ppb) was slightly lower than that of the initial 
ambient (349.38 ppb). After drainage however, N2O concentrations at both soil layers (359. 
31ppb at 2.5-5cm, and 389. 26ppb at 7.5-10cm) in the TT soil were higher than the drained 
ambient 329.97ppb, depicting emission.  
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The differences between initial and drained fluxes are reflected in Table 4. 
 N2O 
consumption 
potential 
[ng N2O g
-1 min-1] 
N2O flux 
Init ial 
 
[µg N2O m
-2d-1] 
N2O flux 
drained 
 
[µg N2O m-2d-1] 
Init ial 
ambient 
N2O 
[ppb]x 
Drained 
ambient 
N2O 
[ppb]x 
Init ial soil 
2,5-5cm 
[ppb]y 
Drained 
soil 2,5-
5cm 
[ppb]y 
Init ial soil 
7,5-10cm 
[ppb]y 
Drained soil 
7,5-10cm 
[ppb]y 
 
TS 
 
156,62  
  (236,1)a 
 
 
77,67 
(84,87)a 
 
 
 
3371,77 
(3076,1)a 
 
349,38 
(6,32) 
 
329,97 
(1,64)a 
 
 
 
367,05 
(15,3)a 
 
359,31 
(55,5)a 
 
 
315,41 
(283)a 
 
389,26 
(95,00)a 
 
 
BS – 1,28 
(1,31)a 
21,33 
(36,94)a* 
– 317,81 
(326,7)a* 
331,70 
(6,37) 
382,16 
(54,68)a 
389,57 
(18,9)a* 
326,02 
(9,48)a* 
394,63 
(16,3)a* 
335,70 
(5,45)a* 
TT 579,33 
(18,77)a 
13893,2 
(6574,)b* 
615 
(1230,)a*   
NA 
NA 
345,52 
(5,81)a 
NA 
NA 
418,66 
(38,46)a 
NA 
NA 
544,84 
(79,03)ab 
 
TP 338,42    
(528,70)a 
NA NA NA NA NA NA NA NA 
x represent N2O concentration in the air above the soil core 
 y represent mean soil N2O concentration sampled through the septa in PVC core.   
Table 4.  N2O consumption potential and soil N2O fluxes and soil concentrations. Data are 
means with standard deviations in the brackets. Different letters (a, b) indicate statistically 
significant (P < 0.05) differences between the sites, and statistically different variables of 
each sites between the initial and drained values is shown with asterisks (P < 0.05).   
 
A different trend was however observed in the BS soil. For instance, after drainage, N2O 
concentrations at both soil layers (326. 02 ppb at 2.5-5cm, and 335.70 ppb at 7.5-10cm) in the 
BS soil were lower than the drained ambient (382.16 ppb), depicting an uptake. Before 
drainage of the BS soil, N2O concentrations at both soil layers (389.57ppb at 2.5-5cm, and 
394. 63ppb at 7.5-10cm) were however higher than the initial  ambient (331.70 ppb), 
depicting an emission flux.  Based on soil N2O concentration profile, N2O uptake was taking 
place in the uppermost soil horizons and N2O concentration in this horizon was decreased due 
to drainage in case of BS soil. Only the BS soil sample had overall negative flux thereby 
depicting a potential of this type of soil for N2O consumption from atmosphere. The N2O 
consumption of BS soil was inhibited with acetylene (10 %) almost completely (Fig. 12.).  
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Fig. 12. Acetylene (10 % in headspace) inhibition of BS soil. 
  
 
 
 
4.4 Results of nosZ T-RFLP  
To find out the relative abundance of denitrifying microbes, in experimental soils and 
enrichment cultures, t-rflp was carried out on cleaned PCR products using MspI restriction 
enzyme. The microbial community of TS soil was dominated by Paraccocus denitrificans 
related microbes. Whereas, in the BS soil Azospirillum lipoferum related microbes appeared 
to be most dominant denitrifier as reflected in Fig. 13. This is indicating that these soils 
having contrasting N2O fluxes have also different denitrifying microbes dominating the 
microbial community. Generally, the TS samples were better enriched, having clearly 
Azospirillum dominated community, whereas community of BS samples have been more 
equally enriched towards Paracoccus denitrificans dominated community. It is likely that 
enrichment conditions have favored the microbial communities in the TS samples. However, 
results from the enrichment cultures reflected that Azospirillum related species were better 
enriched in the TS sample whereas Paraccocus denitrificans was the better enriched species 
in the BS sample.  
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Fig. 13. Results of nosZ T-RFLP results.   
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4.5 nosZ sequencing results   
Results obtained from the clone library of the BS samples (both original soil and enrichment) 
obtained by analyzing the similarities with BlastN search from public databases showed that 
out of a total of 44 sequences , 41.7% of them were uncultured nosZ genes were observed in 
the BS soil sample.  
 
Table 5. Blast N search results of nosZ sequences.  
Also, some of nosZ genes observed in the BS soil sample were closely related to previously 
known nosZ genes. For example, 8.3% were closely related to Azospirillum sp, 
Achromobacter xylosoxidans sp, and Burkholderia sp. 33.3% was closely related to 
previously known Pseudomonas sp. Again, 50% of the sequenced nosZ genes of the BS-
enrichment samples were uncultured.  The BS-enrichment samples also had nosZ genes that 
were closely related to previously known nosZ genes. For example, 16.7% of the nosZ genes 
were closely related to previously known Azospirillum sp and 33.3% were closely related to 
previously known Bradyrhizobium sp. These findings indicate phylogenetic novelty both for 
the BS soil sample and the BS-enrichment.  However, deeper phylogenetic analyses are 
needed to better describe the similarity of uncultured nosZ genes sequenced to previously 
known sequences.  
 
nosZ genes  Boreal % Boreal-enrichment % 
Azospirillum sp. Rel. 8.3 16.7 
Achromobacter xylosoxidans rel. 8.3  
Burkholderia sp. Rel. 8.3 
 Bradyrhizobium sp rel. 
 
33.3 
Pseudomonas sp.  Rel. 33.3 
 Uncultured nosZ 41.7 50 
total number sequences 44 
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5.0 DISCUSSION 
The strongest N2O consumption potential observed for the BS soil could be explained by the 
conditions of anoxia probably created by the second highest moisture content coupled with 
the N limitation. At higher values of WFPS, the denitrification process in soils changes from 
producing N2O to produce N2 (Davidson, 1991; Ambus & Zechmeister-Boltenstern, 2007; 
Lohila et al., 2010) thereby consuming N2O. This is because under such conditions, N2O 
serves as the sole electron acceptor for denitrifying microbes. Also at high moisture content, 
NO-3 concentration in soils becomes low in general and may cause the N2O in the soil to act 
as an electron acceptor in reducing N2O  to  N2 through denitrification (Frasier et al. 2010; 
Chapuis-Lardy et al. 2007) thereby changing the soil to an N2O sink.  
It is generally believed that in anoxic conditions (high moisture and low oxygen) denitrifying 
prokaryotes use NOx as terminal electron acceptors in response to oxygen depletion (Bakken 
et al., 2012). Also, the denitrification proteome (NAR, NIR, NOR and N2OR) and several 
other important proteins are synthesized in response to oxygen depletion (Van Spanning et 
al., 2007; Bakken et al., 2012). Soil moisture affects denitrification and hence N2O fluxes 
because it controls activities of soil microbes, delivery of electron donors (NH4 
+, DOC) and 
electron acceptors (O2, NO3
_), and the diffusion of N trace gases from soils (Firestone & 
Davidson, 1989; Stark & Firestone, 1995). Blicher-Mathiesen and Hoffmann (1999) 
explained also that high uptake values in moist soils could be that consumption through 
denitrification is effective because of N2O dissolved in the water surfaces.  Moreover, high 
moisture levels in soils enable the soil to trap more N2O and reduce it to N2 (Clough et al., 
2005; Ullah et al, 2005).  
The low availability of electron acceptors, especially NO3
- could also explain the potential 
N2O consumption. Fraser et al. (2010) supports these explanations. The BS soil had the 
second lowest NH4
+ concentration (0.05 mg/g of dry soil) and the lowest NO3
- concentration 
(0.07 N-mg/g of dry soil) of the soil samples as reflected in Table 3.  
 
Generally, factors like low mineral levels and high moisture are most suitable for N2O 
consumption (Bandibas et al. 1994; Megonigal et al. 2004).  Thus, under limited NO-3
 
conditions, denitrifiers may utilise N2O as an electron acceptor and reduce it to N2 at higher 
WFPS where denitrification is stimulated but nitrification is hindered (Vanitchung et al., 
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2011). Chapuis-Lardy et al. (2007) supports the assertion that N2O can be consumed in wet 
and nitrogen-limited soils. Also in boreal soils, at high moisture content, NO-3 concentration 
in peat pore water becomes low in general and may cause the N2O in the soil to act as an 
electron acceptor in reducing N2O to N2 through denitrification (Frasier et al. 2010; Chapuis-
Lardy et al. 2007) thereby changing the soil to an N2O sink. 
 The second highest acidity of the BS soil sample (4.79) could somehow explain the observed 
net N2O consumption. Denitrification activity is generally believed to decrease under acidic 
conditions, as the N2O reductase enzyme is hindered by a low pH (Richardson et al., 2009). 
Bakken et al (2012) concluded that low pH hinders the synthesis of a functional N2O 
reductase enzyme by interfering with the assembly of the enzyme in the periplasm, which is 
the location of the functional enzyme.   In spite of these known facts, highly diverse acid-
tolerant denitrifier communities that are capable of complete denitrification and N2O 
consumption is also accumulating (Kolb and Horn, 2012; Palmer et al., 2010).  
 
Further studies are therefore required to comprehensively establish this phenomenon. Palmer 
et al (2010) found that denitrification occurred at pH range of 2 to 6.6 in all soil layers and 
was also observed at pH 7.5 only with 0-10cm soil depth; but the highest denitrification rates 
were observed at in situ pH (4.7 to 5.2).  The measured 4.79 pH value of this BS soil sample, 
which falls in the best pH range, for highest denitrification rates in soil studied by Palmer et 
al (2010) could also explain the observed N2O consumption in this study.   
 
Concerning the microbial communities, the results as reflected in Figure 14, showed that the 
dominant N2O reducing denitrifier communities in the BS sample were Azospirillum 
lipoferum and Paracoccus denitrificans. However, the dominant N2O reducing denitrifier 
community in the temperate spruce forest was mainly Paracoccus denitrificans. In agreement 
to this finding, Palmer and Horn (2012), who studied on palsa peat in northwestern Finnish 
Lapland, also with acidic pH (4.4) found Oligotropha carboxidovorans and Burkholderia 
pseudomallei (nosZ (forward) and Rhodopseudomonas palustris and Azospirillum lipoferum 
(nosZ (reverse) as dominant and acid-tolerant N2O reducing denitrifier communities in their 
study.  Palmer and Horn (2012) therefore concluded that acidic soils harbour diverse acid-
tolerant denitrifiers associated with N2O fluxes. Moreover, Palmer et al (2010) who studied at 
Lehstenbach catchment in the Fichtelgebirge, Bavaria, Germany, on acid-tolerant denitrifiers 
associated with N2O Fluxes in wetlands, with pH ranging between 4.7 and 5.2 found 
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Azospirillum irakense as the dominant N2O reducing denitrifier species in their study. 
However, Palmer et al (2011) who studied N2O emission patterns from cryoturbated and 
unturbated peat soils in arctic tundra (Russia), with pH  ranging between 3 and 4 (similar to 
the Boreal spruce soil), found  Mesorhizobium related species as dominant N2O reducing 
denitrifier community in their study.   
Therefore, the results from BS soil agree with findings from other studies on N2O consuming 
denitrifier communities. It can also be said that Azospirillum sp. may possess selective 
advantage over other denitrifiers in the various habitats as being dominant in many different 
ecosystems which have also shown N2O uptake.  
 
With regards to the acetylene inhibitions results, the 10% C2H2 addition inhibited the 
reduction of N2O to N2. It could therefore be explained that denitrification was highly 
responsible for N2O consumption in the BS sample.  Therefore, a biological activity, but not, 
other factors like simple diffusion or dilution into soil water caused the overall negative flux 
in the BS sample. Fraser et al. (2010) supports these explanations.  
 
Concerning the enrichment of N2O consuming bacteria with common heterotrophic media, it 
was found out that, enriching N2O consuming bacteria with common liquid heterotrophic 
media was successful but not possible with solid media. The failure with the solid 
heterotrophic media is likely to be due to less electron acceptors for the growth of the 
bacteria. 
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6.0 CONCLUSION 
 
The following conclusions were made in the overall study. Firstly, the BS soil, showed the 
highest N2O consumption potential and highest N2O uptaking flux, both in the intact soil 
cores and and in the laboratory experiment. Moreover, drainage decreased N2O flux in 
tropical and boreal soils. Based on soil N2O concentration profile, N2O uptake was taking 
place in the uppermost soil horizons and N2O concentration in this horizon was decreased due 
to drainage in case of boreal soil.  Secondly, while some of nosZ sequence clusters were 
closely related to previously known species of Azospirillum, Pseudomonas, Bradyrhizobium, 
Burkholderia, and Achromobacter, others were not, therefore indicating phylogenetic novelty. 
However, Azospirillum sp. may be important key player in N2O consuming boreal forest soils 
as it was most dominant phylotype based on T-RFLP profiling. This suggests therefore that 
boreal spruce forests hold capacity to consume atmospheric N2O with this microbial 
community.   
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APPENDIX 
Table 1. Examples of studies on N20 fluxes across tropical, temperate and boreal ecosystems  
Ecosystem N2O flux 
range 
N2O mean 
flux 
Any 
measured 
N2O 
uptake? 
Site 
properties 
Referenc
e 
Tropical       
Savanna,  San 
Dimas, California 
 0.00 kg N ha-
1 yr-1 
Intermittent 
N2O uptake 
14.8 °C,  
148.6mm 
of prec. 
 
Anderson 
and Poth 
(1989) 
Rainforest, Kauri 
Creek, Australia 
0.03-0.35 
kg N ha-1 
yr-1 
  17.6-23.9 
°C,  25.5-
252.3mm 
of  prec. 
Breuer et 
al. (2000) 
Rainforest, Lake 
Eacham, Australia 
0.02-0.09 
kg N ha-1 
yr-1 
  20.2-27.1 
oC, 42.2-
309.3mm 
of  prec. 
Breuer et 
al. (2000) 
Rainforest,  Massey 
Creek, Australia 
0.07-0.20 
kg N ha-1 
yr-1 
  19.0-24.3 
oC,     
69.7-236. 
1mm of  
prec. 
Breuer et 
al. (2000) 
Tropical dry forest,  
Guánica 
Commonwealth 
Forest, SW. Puerto 
0.02-0.7 kg 
N ha-1 yr-1 
  25.4 oC, 
1724.4mm 
of prec. 
Erickson 
et al. 
(2002) 
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Rico 
Rainforest , Fazenda 
Nova Vida, 
Rondônia, Brazil 
0.5-3.22 kg 
N ha-1 yr-1 
   
25.6-26.3 
oC, 
108.4-
1626.4mm 
of prec. 
- 
Garcia-
Montiel 
et al.2003 
Rainforest , Jambi 
forest, Sumatra, 
Indonesia 
0.07-0.69 
kg N ha-1 
yr-1 
  27.5 oC, 
2217.6 mm 
of prec. 
Ishizuka 
et al. 
(2002) 
Rainforest, La Selva 
Biological Station, 
Sarapiqui Canton, 
Costa Rica 
3.74-5.86 
kg N ha-1 
yr-1 
  24.9 oC, 
3225.6 mm 
of prec. 
Keller 
and 
Reiners 
(1994) 
Rainforest , Manaus, 
Brazil 
0.09-0.80 
kg N ha-1 
yr-1 
  25-28 oC, 
206.2-
326.4 mm 
of prec. 
Keller et 
al. (1983) 
Rainforest, Tena, 
Ecuador 
 0.05 kg N ha-
1 yr-1 
 22.0 oC,  
2.4 mm of  
prec. 
Keller et 
al. (1986) 
Tropical dry forest 
Puerto Rico 
0.02-0.30 
kg N ha-1 
yr-1 
  19.0-30.0 
oC, 37.9 
mm of 
prec. 
Keller et 
al. (1986) 
Rainforest ,Kauri 
Creek,Queensland, 
0.38-4.36 
kg N ha-1 
  23.7  oC, 
677-3138 
mm of  
Kiese and 
Butterbac
h- Bahl 
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Australia yr-1 prec. (2002) 
Rainforest , Pin Gin 
Hill, Queensland, 
Australia 
0.33-6.89 
kg N ha-1 
yr-1 
  21.3-23.7 
oC, 677-
3138 mm 
of  prec. 
Kiese and 
Butterbac
h- Bahl 
(2002) 
Rainforest , 
Bellender Ker, 
Queensland, 
Australia 
1.33-7.45 
kg N ha-1 
yr-1 
  21.3 oC,  
677-3138 
mm of  
prec. 
Kiese and 
Butterbac
h- Bahl 
(2002) 
Savanna ,Kruger 
Park, South Africa 
 0.01 kg N ha-
1 yr-1 
 25.0 oC, 
0.1 mm of  
prec. 
Levine et 
al. (1996) 
Rainforest, Manaus, 
Brazil 
0.03-2.2 kg 
N ha-1 yr-1 
  27.8 oC, 
75.6-
2018.4 mm 
of  prec. 
Luizão et 
al. (1989) 
Rainforest , La Selva 
Biological Station, 
Sarapiqui Canton, 
Costa Rica 
 
0.04-0.06 
kg N ha-1 
yr-1 
  25.0 oC,  
227.1 mm 
of  prec. 
Matson 
and 
Vitousek 
(1987 
Coniferous , Lake 
Wingra Basin, 
Wisconsin, USA 
0.19-2.10 
kg N ha-1 
yr-1 
  18.5 oC,   
651.5 mm 
of prec. 
Goodroad 
and 
Keeney 
(1984) 
Rainforest Turrialba, 
Costa Rica 
 0.04 kg N ha-
1 yr-1 
 22.0 oC 
184 mm of 
prec. 
Matson 
and 
Vitousek 
(1987) 
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Coniferous, Dinghu 
Mountain, 
Guangdong, China 
1.86-5.18 
kg N ha-1 
yr-1 
  21.4 oC,  
1927 mm 
of  prec. 
Mo et al. 
(2006) 
Savanna, Brasilia, 
Brazil 
 0.00 kg N ha-
1 yr-1 
 25.0 oC, 
108.3 mm 
of  prec. 
Poth et al. 
(1995) 
Rainforest, 
Yurimaguas, Loreto 
Province, Peru 
 0.80 kg N ha-
1 yr-1 
 26 oC, 
2200 mm 
of  prec. 
Palm et 
al. (2002) 
 
Tropical dry forest 
Chamela, Jalisco 
State, Mexico 
 
0.01-0.19 
kg N ha-1 
yr-1 
   
25.1 oC, 
341.9 mm 
of  prec. 
 
Vitousek 
et al. 
(1989) 
Savanna Nylsvley 
Reserve, South 
Africa 
 0.02 kg N ha-
1 yr-1 
 28.8 oC, 
48.9 mm 
of  prec. 
Scholes et 
al. (1997) 
Rainforest 
Mayombe, Congo 
0-0.05 kg N 
ha-1 yr-1 
 Intermittent 
N2O uptake 
22.4-26.6 
oC, 0-
135.6 mm 
of  prec. 
Serca et 
al. (1994) 
 
Tropical dry forest, 
Island of Molokai, 
Kamakou Preserve, 
 
0.02-0.07 
kg N ha-1 
yr-1 
    
19-22 oC, 
58.3-100 
mm of  
prec. 
 
Vitousek 
et al. 
(1989) 
Hawaii  
Rainforest 
1.28-1.42 
kg N ha-1 
yr-1 
  22.9 oC, 
3372 mm 
of  prec. 
Weitz et 
al. (1998) 
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La Selva Biological 
Station, Costa Rica 
Rainforest, Kenya, 
Africa 
1.1–324.8  
µg N m-2 
h-1 
42.9 ± 0.7 µg 
N m-2 h-1 
Sporadic 
weak N2O 
uptake 
24.9 oC, 
1662 mm 
of  prec. 
Werner et 
al (2007) 
 
Dry evergreen forest 
(DEF) Thailand 
  
13.0± 8.2  
µgN m-2 h-1 
  
26 oC, 
1240 mm 
of  prec. 
 
Vanitchu
ng et al 
(2011) 
Hill evergreen forest 
HEF 
Thailand 
 5.7±7.1 µgN 
m-2 h-1 
Occasional 
N2O uptake 
21 oC, 
1500 mm 
of  prec. 
Vanitchu
ng et al 
(2011) 
Moist evergreen 
forest MEF Thailand 
 1.2±12.1µgN 
m-2 h-1 
Occasional 
N2O uptake 
27 oC, 
3500 mm 
of  prec. 
Vanitchu
ng et al 
(2011) 
Mixed deciduous 
forest (MDF) 
Thailand 
 7.3±8.5µgN 
m-2 h-1 
Occasional 
N2O uptake 
21 oC, 
1500 mm 
of  prec. 
Vanitchu
ng et al 
(2011) 
Tropical montane 
ecosystem Hawaii 
-0.2 to 1.8 
ng N cm-2 
h-1 
 Occasional 
N2O uptake 
16 oC, 
2200-4050 
mm of  
prec. 
Holtgriev
e et 
(2006) 
Amazon forest 
Yurimaguas, Loreto 
Province in the 
Peruvian 
-2.47 - 25.6 
μg N m-2 h-
1  
< 10 μg N m-
2 h-1 
Occasional 
N2O uptake 
26 oC, 
2200 mm 
of prec. 
Palm et al 
(2002) 
Temperate 
Coniferous, Harvard 
forest, 
0.01-0.02 
kg N ha-1 
yr-1 
  10.1 oC,   
9026 mm 
of  prec. 
Bowden 
et al. 
(1990) 
75 
 
Massachusetts, USA 
Deciduous 
Langenlonsheim, 
Bingen, Germany 
0.67-0.73 
kg N ha-1 
yr-1 
  9.1 oC, 
808.8 mm 
of  prec. 
Schmidt 
et al. 
(1988) 
Deciduous 
Bechenheim, Alzey, 
Germany 
0.67-0.92 
kg N ha-1 
yr-1 
  11.0 oC,  
697.2 mm 
of  prec. 
Schmidt 
et al. 
(1988) 
Deciduous  
Ober-Olm, Mainz, 
Germany 
0.26-0.33 
kg N ha-1 
yr-1 
  8.6 oC, 
823.2 mm 
of  prec. 
Schmidt 
et al. 
(1988) 
Coniferous Dunslair 
Heights, NW 
England 
0.06-0.22 
kg N ha-1 
yr-1 
  7.5 oC,  
1143.6 mm 
of  prec. 
Skiba et 
al. (1997) 
Deciduous Bush 
Estate, Edinburgh 
0.09-0.15 
kg N ha-1 
yr-1 
  13.8 oC, 
202 mm of  
prec. 
Skiba et 
al. (1997) 
Coniferous Devilla 
forest, Central 
Scotland 
0.23-0.26 
kg N ha-1 
yr-1 
  5.4 oC, 
1015.2 mm 
of  prec. 
Skiba et 
al. (1997) 
Grass Ft. Collins, 
Colorado,USA  
0.08-0.16 
kg N ha-1 
yr-1 
  10.6 oC, 
476.4 mm 
of  prec. 
Parton et 
al. (1988) 
 
Deciduous Central 
Scotland 
 
1.15-2.29 
kg N ha-1 
yr-1 
   
8.7 oC, 
828.8 mm 
of  prec. 
 
Pitcairn et 
al. (2002) 
Grass Mainz, 0.02-0.13 
kg N ha-1 
  10.0 oC, 
45.5-546 
Seiler and 
Conrad 
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Germany  yr-1 mm of  
prec. 
(1981) 
Coniferous 
Ballyhooly, Republic 
of Ireland 
 0.00 kg N ha-
1 yr-1 
 9.6 oC, 
89.9 mm 
of  prec. 
Butterbac
h-Bahl et 
al. –
(1998) 
Coniferous Mt. 
Ascutney, VT, USA 
 -0.03 kg N 
ha-1 yr-1 
Regular 
Overall 
uptake 
18.7 oC, 
366.9 mm 
of  prec. 
Castro et 
al. (1993) 
Coniferous Mt. 
Washington, 
NH,USA 
 -0.01 kg N 
ha-1 yr-1 
Regular 
Overall 
uptake 
16.0  oC, 
542.1 mm 
of  prec. 
Castro et 
al.       
(1993) 
Coniferous Mt. 
Mansfield, VT, USA 
 0.06 kg N ha-
1 yr-1 
 17.0 oC, 
22.1  mm 
of  prec. 
Castro et 
al. (1993) 
Grassland  
Baraboo 
 
0.03-0.04 
kg N ha-1 
yr-1 
  11.5 oC,  
232-274 
mm of  
prec. 
Cates and 
Keeney 
(1987) 
Marsh Everglades, 
Florida, USA 
 1.00 kg N ha-
1 yr-1 
 24.0 oC, 
1449.6 mm 
of  prec. 
Duxbury 
et al. 
(1982) 
Deciduous 
New York, USA 
 0.90 kg N ha-
1 yr-1 
 7.6 oC,  
916.8 mm 
of  prec. 
Duxbury 
et al. 
(1982) 
Rainforest  
Turrialba, Costa Rica 
 0.04 kg N ha-
1 yr-1 
 22.0 oC  
184 mm of  
prec. 
Matson 
and 
Vitousek 
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(1987) 
Deciduous 
Poppel, Belgium 
 0.00 kg N ha-
1 yr-1 
 11.0 oC, 
657-1017.6 
mm of  
prec. 
Goossens 
et al. 
(2001) 
Savanna 
Chaguarama, 
Guarico State, 
Venezuela 
 0.01 kg N ha-
1 yr-1 
 3.5 oC, 
104.8 mm 
of prec. 
Hao et al. 
(1988) 
 
Deciduous 
Hubbard Brook, New 
Hampshire, USA 
  
0.90 kg N ha-
1 yr-1 
  
3.2 oC, 
1501.2 mm 
of prec. 
 
Keller et 
al. (1983) 
Boreal      
Abandoned (AB) 
agricultural peat soil 
(Drained) 
100-2500µg 
N2O-N m-2 
h-1 
5.5 ± 5.4 kg 
N ha-(AB) 
N2O uptake 
up to 77 µg 
N2O-N m-2 
h-1 
Soil 
pH:4.1-5.4,  
mean soil 
C:N ratio 
18.3 (AB) 
Maljanen 
et al 
(2012) 
Afforested   (AF) agricultural peat 
soil (Drained) 
12.8 ± 9.4 kg 
N ha-1 (AF)   
 Soil pH: 
4.3-5.9 
mean soil 
C:N 
ratio:17.6 
(AF) 
 
Active peat 
extraction (APE) 
 0.7 ± 0.5 kg 
N ha-1 (APE) 
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(all in Finland )  AAE of 3 
years  
8.6 ± 7.3 kg 
N ha-1  
(coniferous 
pine sites) 
10.0 ± 11.2 
kg N ha-1 
deciduous 
birch sites 
 Soil 
pH:3.9 -4.1 
mean soil 
C:N ratio: 
24.2 (APE) 
 
Raised peatbog 
West Flanders Moss, 
central Scotland 
−0.5- 1.2 
mg 
N2Om−2 
d−1 
 Intermittent 
N2O uptake 
Ash 1.7% 
oven 
dry wt, N 
1.4 %, P 
0.021 %, 
and K 
0.009% 
6.2 - 12.7 
oC 
1140- 2213 
mm of 
prec. 
Yamulki 
et al 
(2013) 
 
Spruce-dominated 
peatland, drained 
organic soil forest 
agricultural history 
Skogaryd  research 
 
0.9±0.8 
tCeq ha−1 
yr−1 
Same as  
11.1±9.3 
  soil pH: 
upper 20 
cm:4.4 -4.6 
OM 85% : 
upper 15 
cm  
 
 
 
Meyer et 
al (2013) 
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catchment 
southwestern Sweden 
 
 
 
kgN2Oha−1 
yr− 
  and 87% 
:15 -40 cm 
soil C:N 
ratio: 22.7 
-26.8 in  
upper 50 
cm. 
 
   
     
Balsam fir, Red and  
White Spruce 
 Post-harvest  
succession forest 
Atlantic Canada 
-5 - 19 
ugN2O-
Nm-2 d 
 Regular at 
all sites 
N2O 
uptakes 
Soil pH 
3.7-
4.7water 
table level 
0.5-
1m5.5oC 
1290 mm 
of prec. 
Kellman 
and 
Kavanaug
h (2008) 
Sedge fen  
Lompolojankka 
Northern Finland 
-45 - 37µg 
N2O–N 
m−2 h−1 
−7.7 -17 µg 
N2O–N m−2 
h−1 
mean daily 
flux 
0 -12.237µg 
N2O–N m−2 
h−1 
Annual 
average flux 
Regular  
N20 
uptakes 
water-table 
level: 
−0.04 - 
0.17 m 
pH: 5.5 - 
6.5 
-30 - 20.5 
0C, 484- 
615 mm of 
prec C/N 
ratio: 20-
27 at 
depths 0–
0.5 m 
Lohila et 
al (2010) 
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 Table 2 is attached as excel file. 
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